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1HE  MISSTON  OF  AGARD 


The  iiiMon  of  AGARD  is  to  bring  together  the  koding  personalities  of  the  NATO  nations  in  the  Dekls  of 
science  and  technology  relating  to  aerospace  for  the  following  purposes: 

- Exchangiiig  of  scientific  and  technical  information; 

- Continuously  stimulating  advances  in  the  aerospace  scknces  relevant  to  strengthening  the  common  defence 
posture; 


- Improving  the  cooperation  among  member  nations  in  aerospace  research  and  development: 

- Providing  sckntiflc  and  technical  advice  and  assistance  to  thfc  North  Atlantic  Military  Committee  in  the 
field  of  aerospace  research  and  development; 

- Rendering  sckntific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations 
in  connection  with  research  and  development  probkms  in  the  aerospace  field; 

- Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

~ Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities 
for  the  common  benefit  of  the  NATO  community. 


The  highest  authority  within  AGARD  is  the  National  Dekgates  Board  consisting  of  officially  appointed  senior 
reprraentatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are 
composed  of  experts  appointed  by  the  National  Dekptes,  ti'.e  Consultant  and  Exchange  Program  and  th:  Aerospace 
Applications  Studies  Program.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO 
Authorities  through  the  AGARD  aeries  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activitks  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 
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1 3.  Key  wordi/Detcripton 

Flight  tests  Control  surfaces  Sensitivity 

Position  indicators  Measuring  instruments  Indicating  instruments 

Aircraft  equipment  Frequency  response 

14. Abetnct 

This  AGARDograph  is  the  8th  of  the  AGARD  Flight  Test  Instrumentation  Series  and 
concentrates  on  the  Bight  test  instrumentation  for  determining  the  position  of  movable 
aircraft  components  such  as; 

- rudder,  elevator  and  aileron  surfaces. 

- wing  flaps,  trim  tabs,  speed  brakes,  spoilers, 

- power-control  levers, 

- elements  of  nosewheel-steering  systems  and  of  landing  gear  mechanisms,  etc. 

The  sensitivity  and  frequency  responses  of  the  various  systemr  ',:sed  for  making  these  measure- 
ments are  discussed  in  the  following  groups  with  examples;- 

- potentiometers, 

- synchros, 

- inductive  systems, 

- digital  systems. 

This  AGARDograph  has  been  sponsored  by  the  Flight  Mechanics  Panel  of  AGARD. 
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Soon  ahcr  its  foundation  in  1 45'.  the  .advisory  Oroup  for  Aeronautical  Research  and 
lAfvelopmenl  reiO|tni/ed  the  need  for  a compn.'hensive  publication  on  flight  test  techniques 
and  the  associated  instnimentation  Under  the  direction  of  the  A(>ARD  Flight  Test  Panel 
(now  the  Flight  Mechanics  Panel),  a Flight  Test  Manual  was  published  in  the  years  1454  to 
I45b.  The  Manual  was  divided  into  four  volumes:  I.  Performance.  II.  Stability  and  Control. 
Hi.  Instrumentation  Catalog,  and  IV'.  Instrumentat  on  Systems. 

Since  then  flight  test  instrumentation  has  developed  rapidly  in  a broad  field  of  sophisti- 
cated techniques.  In  view  of  this  development  the  Flight  Test  Instrumentation  Committee 
of  the  Flight  Mechanics  Panel  was  asked  in  I4fi8  to  update  Volumes  III  and  IV  of  the  Flight 
Test  Manual.  Upon  the  advice  of  the  Committee,  the  Panel  decided  that  Volume  III  would 
not  be  continued  and  that  Volume  |V  would  be  replaced  by  a series  of  separately  published 
monographs  on  selected  subjects  of  flight  test  instrumentation:  the  ACARD  Flight  Test 
Instrumentation  Series.  The  first  volume  of  the  Scries  gives  a general  introduction  to  the 
basic  principles  of  flight  test  instrumentation  engine  ing  and  is  composed  from  contribu- 
tions by  several  specialized  authors.  Each  of  the  othc.  volumes  provides  a more  detailed 
treatise  by  a specialist  on  a selected  instrumentation  subject.  Mr  W.D.Mace  and  Mr  A.Pool 
were  willing  to  accept  the  responsibility  of  editing  the  Series,  and  Prof.  D.Bosm.?n  assisted 
them  in  editing  the  introductory  volume.  In  1475  Mr  K.C.Sanderson  succeeded  Mr  Mace  as 
an  editor.  AGARD  was  fortunate  in  finding  competent  editors  and  authors  willing  to  con- 
tribute their  knowledge  and  to  spend  considerable  time  in  the  preparation  of  this  Series. 

It  is  hoped  that  this  Series  will  satisfy  the  existing  need  for  speci;:lized  documentation 
in  the  field  of  flight  test  instrumentation  and  as  such  may  promote  a better  understanding 
between  the  flight  test  engineer  and  the  instrumentation  and  data  processing  specialists. 
Such  understanding  is  essential  for  the  efficient  design  and  execution  of  flight  test  programs. 

The  efforts  of  the  Flight  Test  Instrumentation  Committee  members  and  the  assistance 
of  the  Flight  Mechanics  Panel  in  the  preparation  of  this  Series  ate  greatly  appreciated.  In 
particular,  thanks  are  due  to  Professor  T.  Van  Oosterom  who  until  1976  was  Chairman  of 
the  Flight  Test  Instrumentation  Committee  and  held  this  position  during  the  preparation 
of  this  Volume. 


N.O.MATTHEWS 

Member  of  the  Flight  Mechanics  Panel 
Chairmar  of  the  Flight  Test 
Instrumentation  Committee. 
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1.0  ifaiuia.Tinn 

Thla  aoluM  oonoaotrataa  on  fllsht  taat  Inatnaantatlon  for  dataivlnlnK  tha  poaitlon  of  novabla  ain- 
oraft  ooaponaatB  auoh  mi 

niddar,  alawtor  and  allarui  aurfaoaa, 
wine  flapOf  tria  taba,  apaad  brakaai  apoilara, 
powan-oontrol  lavarat 

al Manta  of  hTdraulio  qrataaa  and  alreondltlonii^  ajataU( 

alMonta  of  nooaMhaal-ataarli«  ajrataaa  and  of  laadli^  c«ar  aachaniaw, 

ato* 

Tka  application  of  poaltion  aaaaurinc  davioaa  in  tranaduoon,  wham  tha  intaeration  of  tha  poaitlon 
aaaaurine  dawlca  with  tha  othar  parta  of  tha  tranadiwar  ia  uaualljr  dona  by  tha  Inatruaant  aanufoctumr,  Ir 
not  a priaaiy  aubjaot  of  thia  vqIum.  Many  of  tha  dataila  about  tha  poaitlon  naaaurine  dealcaa  diaouaaad 
ham  apply,  howavar,  to  oaaaa  wham  thay  fora  an  intaeral  part  of  a tranaduoar. 

Tha  dlaouaalon  in  thia  voluna  hM  baan  liaitad  to  aaaaurananta  of  tha  mlativa  poaitlona  of  two  air- 
craft ocaponanta.  Naaauraaanta  cf  dafoiaationa  inalda  tha  conatructlon  of  a coaponant,  auch  as  atrain 
aaaaurMaiita,  am  not  Includad.  Tkay  hava  baan  diaouaaad  in  Voluna  7 of  tha  AQARl)  Flight  Taat  Inai.ruBant»- 
tion  SarlM  (Raf«(l))«  Alao  axoludad  ai*a  naaaumnanta  of  diaplaoMarta  with  mapact  to  apace,  auoh  m dia- 
plaoananta  obtained  by  intagratlne  velocity  or  doubla-i.Ttagmtine  aocalaration  aa  for  inatanca  ia  par- 
fomad  by  inertial  navigation  ayatMa. 

Tke  Manuring  rangaa  of  tha  Inatrunanta  dlacunaad  in  thia  voluna  vary  fron  leas  than  1 mm  to  aevaral 
huMdmda  of  m for  linear  diaplacManta  and  fron  laaa  than  1 dagma  to  aavaral  tinea  560  degmaa  for 
angular  diaplaoaa^.nta,  Ike  raquirti  freciuaney  maponae  ia  ganarally  fron  taro  to  a few  Ht|  fra<]uancia8  of 
up  to  30  Hs  can  occasionally  occur.  Many  ayatans  axlat  for  the  Baaauranant  of  auch  diaplacanenta.  In  this 
voluna  only  those  regularly  used  during  flight  taating  am  dlacuMad.  Theaa  can  be  claaaified  in  tha  fol- 
lowing groupai 

- potantlonetere, 

- synchros, 

- inductive  ayatana, 

- digital  ayatans. 

A unifom  olMalflcatlon  ay  at  an  for  poaltion-naasuring  gyatMa  doaa  not  aziat  and  them  la  a large 
naaaum  of  confusion  oonoemlng  tamlnology.  In  tha  lltamtum  a subdivision  of  potentlonatam  into 
malatlvo,  oapaoltiva  and  inductive  potantlcneters  in  often  used.  This  ia  not  ooanon  uaaga,  and  in  this 
volume  the  tam  *potantionater”  is  maarvad  for  maiativa  devices.  Another  ezaapla  to  illuatmta  how 
nathods  of  olMalflcatlon  differ  rppliea  to  AC  gynohro  ayatMS,  whicU  am  often  oonaidarad  to  be  special 
inductive  ^ratMS.  In  this  paper  they  are  treated  separately,  because  them  am  aone  Mpeots  that  apply 
only  to  tha  special  chametaristica  inherent  to  thaae  ayatans.  Inductive  ^vtMS  am  not  always  regarded 
M a aaln  group,  but  often  m a subgroup  of  mluotive  gyatMS.  Sonatinas  inductive  and  mluctlve  aystens 
am  oonsldamd  as  sapamta  groi\ps.  As  the  nvbar  of  inductive  and  reluotive  aystMS  available  for  the 
naasuTMants  diacuasad  in  thia  voluna  la  very  United,  and  the  principles  and  oharactarlstios  differ  only 
sliiditly,  thgy  am  treated  in  thia  paper  aa  one  group. 

In  acne  OMas  it  wm  difficult  to  datamine  in  «diat  group  a specific  aysten  oould  beat  be  classified. 
In  such  CMas  rather  arbitrary  dedslcns  warn  nade.  nia  "induction  potentionatar"  is  described  neither  in 
Ch^ter  3.0,  potentionetam,  nor  in  Chapter  3*0,  inductive  ay  at  ms,  buv  in  Chapter  4*0,  synohroa,  because 
it  la  a device  that  is  sinllar  to  nost  nMbam  of  that  group  in  appearance  and  characteristics.  The  device 
is  tmatad  under  its  second,  less  used,  nMe  "linear  synchro". 
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It  auat  b*  BiKMad  that  onljr  thoM  Maauri.ic  ajrBtoBa  ar*  diacuaaad  that  ar«  fraquantljr  uaad  for 
poaition  aaaauraaMnt  during  night  Vaata  and  that  hava  provan  thair  uaarulnaaa  In  practlc*.  Soae  ayataaia 
that  vara  fraquantly  uaad  in  the  paat  but  have  ourrantly  loat  their  iaportance,  are  brlanj  aantionad, 
aapacla'ly  whan  an  intereating  principle  foivad  the  baala  for  auch  ayataaai  tkaaipleB  are  the  aynchrctal 
ayataa  and  the  Mgna«i/n  ayataa.  Syat«ia  fra<|uantly  uaad  for  dlaplacaaant  aeaauraaenta  and  treated  aa  auch 
in  aangr  handbooka  on  thia  aubject  can  have  certain  diaadvantagea  when  uaad  aa  poaition  tranaducara  for 
night  teat  work.  Such  ayataaai  that  are  only  very  rarely  uaad  for  the  typaa  of  aeaaureBenta  diacuaaad  in 
thia  vnluae,  have  not  bean  treated  here*  Xiaaplea  of  auch  ayetesw  are  capacitive  gyriaKB,  optical  eyatenat 
photo-aloctrical  ayataaB,  and  piaac^electrlc  ayatenat 

Oanaral  conaldarationa  ooncaming  the  above-aentionad  typaa  of  tranaducara  are  given  in  Rafa  (Bl)  to 
(B6)  and  (2). 

Signal  conditioning  equ.paent,  uaad  in  coaibination  with  tranaducora  for  night  taata  will  be  axtaiv* 
Bivaly  treated  in  a latar  voIubm  of  the  Flight  Teat  Inatruaantation  Seriaat  Only  aoae  aapacta  on  aignal 
conditioning  for  tranaducara,  uaad  for  poaition  ■aaauraaant  are  briefly  conaidarad  in  thia  voluaa. 


2.0  OOWiaBMiTIOilS  AFraCTIlW  THE  CHOICl  OF  A 3TSTM1 

The  choice  of  a tranaducer  and  the  aaaociatad  linkage  and  aignal  conditioning  aywtaaa  for  each  pai^ 
ticular  application  dapenda  or4  nany  thlnga,  the  noat  important  of  which  will  be  briefly  dlaouaaad  in  thia 
chapter. 

On-th»-ahelf  availability  can  be  a major  conaideration  for  chooaing  a apeoific  type  of 
tranaducer,  eapeclally  (but  not  excluaively)  for  maaauremanta  with  a abort  lead  time.  In  addition  to  the 
availability  of  a tranaducer  with  auitable  character! at ica  and  dimenaiona,  the  availability  of  auitable 
linkagea  or  aignal  conditioning  equipment  muat  be  conaidered.  Several  typaa  of  tranaducara  are  manufao- 
tured  with  auitable  linkages  attached, which  reduces  the  iiv-houae  development  and  inatallation  time.  For 
many  of  the  applicationa  conaidered  here,  several  types  of  transducers  could  be  used  with  equal  auoceaa.  In 
auch  oasea  the  availability  may  be  the  decisive  factor. 

Kmertanoe.  In  newly  developed  ayatama  there  ia  always  a chance  of  unexpected  trouble.  Hie  axperianoa 
of  the  team  which  deaigna,  Installa  and  maintains  the  system  with  a particular  type  of  inatallation  may  be 
one  of  the  main  factora  contributing  to  success.  On  the  other  hand,  a watchful  aye  must  be  kept  upon  new 
developuenta,  and  for  every  application  it  must  be  considered  idtether  or  not  other  (newer)  ayatama  will 
batter  meet  the  requirements.  Conservatism  can  result  in  failure  to  uae  more  suitable  ayatama.  It  la  the 
authors*  opinion  that  conservatism  is  one  of  the  main  reasona  that  variable  differential  transformers  are 
not  used  more  extensively  nowad^a. 

Agejj^m^.  The  atetic  accuracy  required  for  the  type  of  meaaurementa  diacuseed  here  is  in  general  not 
very  high,  l.e.  in  the  range  of  1 of  full  scale.  In  exceptional  cases,  however,  higher  acouraclea  may  be 
required.  An  example  ia  the  very  accurate  measurement  of  control  surface  deflections  (0.3  % of  full 
deflection)  required  for  the  method  deacribed  in  Ref. (3). 

Measuring  ranae.  The  measuring  range  can  vary  considerably  for  different  ^plioatlona,  from  leas  than 
1 an  to  several  hundreda  of  an  for  linear  diaplacementa  and  from  leaa  than  1 degree  to  several  times  360° 
for  angular  diaplaoaments.  For  measuring  very  email  and  very  large  displaoemente  there  are  in  principle 
two  posaibilitiest  either  a linkage  la  inaexted  to  increaae  or  reduce  the  original  diaplaowant  to  a value 
which  is  measurable  with  the  required  accuracy  by  normal  tranaducara,  or  a apecial  transducer  ia  uaad 
which  can  meaaure  the  origliial  displacement  directly. 

j^B2l£^t^,or_coi)j(bn[|i^.  In  moat  applicationa,  tranaducara  with  a linear  ralatlonship  between  the 
poaition  of  the  sensing  ebuft  and  the  output  can  be  ohoaen  and  a non-linear  relatlonahlp  la  naoabaary  only 
for  apaoial  puipoaea.  For  non-linear  tranaducara,  the  notion  of  conformity  is  ganarally  uaad.  Hie  teim 
oonfoimlty  ia  principally  used  for  potenticaietera,  because  potentiometexm  are  beat  suited  for  realising 
non-linaar  functions.  Therefore,  tema  like  linearity,  confoxmity,  etc.  are  described  in  detail  in 


Cha^tar  3*0  on  potwitlo— tw. 


I^or  Boat  of  tha  MMurMwita  oonaidarad  hara  the  dynaalc  raaponaa  raqulnid  will  be 
onljr  a few  Ba*  Onljr  In  thoaa  oaaea  where  the  dirnaMlc  ^karaoteriatioa  of  nyataBa  auat  be  invaatiitated  will 
a hlfher  freiittaBcgr  raaie  be  required,  in  (enarel  not  hichar  than  abo-it  30  Ha. 

e^fen^d  of  te^>erature,  preaaure,  hualdltjr,  electro-aagnetic  flelda, 
vibration  and  ahoik  on  the  trenaduoara  will  In  aaiqr  caaea  be  imvcrtant  ?Rrirudpr  <t  i '>^b  wi-rr.  rh  ^oin^  -i 
traaadutier.  In  apaolal  caaea  othar  affaorta  oan  ba  Inportant,  auch  aa  rMliatlon,  corroaive  envlronaenta, 
ato.  Several  aeaauree  oan  be  taken  bj  the  aaoufaoturer  of  poaltlon  trenaduoara  to  aake  hla  product  better 
raalatant  to  the  above  aentloned  oondltlona. 

In  aavaral  Nllltary  Spaolfloatlona  about  potent lonortara  end  ajmehroa,  datailad  requiranenta  about 
envlronnental  oondltlona  are  given  (Rafa  (4),  (5)  and  (6)).  It  aust  not  ba  thought,  however,  that  e trana- 
ducer  aaetlng  all  requiranenta  of  a Rllltaiy  Speoificatlon  will  provide  an  optlnua  aolution  under  all  cl:'- 
owatanoea.  It  la,  for  Inatanoa,  alnoat  Inpoaalble  to  neat  In  an  optieal  way  requirmenta  for  extreme 
hunldlty  and  alaultaneoualy  for  ertranely  low  torque}  high  hunidity  realatance  la  uaually  obtained  by  very 
good  aeallng  of  the  abaft,  which  oannot  bo  realiaed  in  a low  terque  tranaducar.  A alallar  conflict  ariaae 
whan  the  raqulreaenta  for  a potantionetar  Include  long  life  and  high  vibration  realatance.  The  first 
requlranant  can  only  ba  met  by  chooalng  the  wiper  pressure  as  low  as  posaible,  whereas  the  second  requlre- 
aont  dananda  a hi|di  wiper  preaaure. 

The  ohoioe  of  the  tranaducar  m^  to  aoae  extent  depend  on  whether  the  In- 
fomation  nuat  ba  diaplayed  on  a pointer  Instruaent  or  recorded  on  film  nr  magnetic  tape  and,  in  the 
latter  caae,  whether  digital  or  analog  recording  la  required.  The  ready  availability  of  many  accurate 
types  of  signal  oonditloning  equipment  has  in  recent  yaare  reduced  the  importance  of  this  aspect  for  the 
choice  of  trenaduoara. 

Raliability.  Rallablllty  is  a vary  laportant  oonaideration  in  the  choice  of  the  transducer  and  tne 
aasooiated  aeaaurlng  equipment.  There  are  two  aspeotsi 

a the  aeasurlng  ayatam  must  under  no  oirctnstances  (in  normal  operation  or  after  break-down)  reduce  the 
reliability  of  the  normal  operation  of  the  aircraft. 

b the  reliability  of  the  measuring  equipment  Itself  must  be  such  that  loss  or  deterioration  of  informa- 
tion is  very  improbable.  This  maana  that  transducers  with  s relatively  short  eervioe  life  (such  as  some 
types  of  potentiometers  when  used  under  adverse  conditions)  should  only  be  uatd  when  the  measurements 
are  of  short  duration  or  when  suitable  malntenanoe  and  replacement  is  an  integral  part  of  the  test 
proosdurs. 

Cojt.  All  aspsota  mentioned  above  affect  the  cost  of  the  installation  in  acme  way  or  other.  Though 
in  some  oases  cost  may  not  be  the  primary  factor,  it  wi.ll  play  an  important  part  in  the  choice  of  the 

system. 


3.0  pofHangiBinHg 

3.1  Prinoipla  of  potentloneten 

In  the  potentiometer,  a sliding  contact  (wiper)  movee  over  a resistance  element,  the  beginning  and 
end  of  which  are  uaually  connected  to  a voltage  source,  «diich  can  be  either  DC  or  AC.  The  wiper  is  mecha- 
nically attaiched  to  the  input  shaft  or  rod  anl  is  usually  electrioally  insulated  f:x>m  it.  The  output  of 
the  potentiometer  depends  on  the  position  of  the  input  shaft  or  rod. 

3.2  Types  of  potentiomatara 

Conoemlng  the  movement  of  the  wiper  in  angular  position  potentiometers,  two  types  can  be  distin- 
guished, via.  I 

- the  single  turn  potentiometer,  in  which  the  wiper  movement  is  a rotation.  Shaft  rotation  ranges  up 
to  355°  can  be  realized  with  this  type. 
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- tlM  ■ultl-tum  potwitioMtaTi  ir.  4hlch  th«  wlp«r  aovasant  .ia  a coabination  of  rotbiion  and  tran»> 
latloc*  nta  wip«r  la  drlvan  alone  a hallz  I7  aaana  of  a lead  acrew.  Sluift  ro'tation  rangea  up  to 
aUiut  60  X 360°  oan  be  raaliaei  with  thla  type. 

nia  ao varrt  of  the  wiper  In  linear  poaltlon  potentloaetera  generally  la  a alnpla  tranolatlon.  The 
different  typea  of  wiper  aovaaent  arc  ahown  in  Pig.  3.2-1. 


»iwa.i  Tuw« 

moMtm 


UHUB 


Pig.  3.  2-1  Wiper  aoveaoRt  in  angular  and  linear  poaltlon  potentloiBetera 


CoDcenoiiv  the  aaterlal  of  the  reaiatanoe  eleaent  In  potentloaetera,  two  typea  of  potentioibeters  can 
ha  dlatlnguiahadi  via.  the  wire  potentloaeter  and  the  film  potentioaeter. 

Both  typea  of  eleaenti.  can  he  applied  In  angular  aa  well  aa  In  linear  potontioneters,  and  in  single- 
turn  aa  wall  as  In  ■ulti-tum  potentloaetera. 

Oeneral  oonaldaiatlona  on  potentloaetera  are  given  In  Rafa  (7^.  (6)  and  (9) 


3.2.1  Wire  potentloaetera 

A aiaple  fora  of  wire  potentloaeter  la  the  "allde  wire"  potentiometer,  in  which  the  wiper  movea  along 
a aingle  wira.  Tha  wire  ia  Inatalled  in  tha  font  of  a atralght  line  in  the  case  of  linear  position  trana- 
ducera,  in  the  fox«  of  a oirole-arc  In  the  caae  cf  elngle-tum  angular  poaltlon  transducera,  or  in  the 
fora  of  a nuaber  of  tutna  in  the  caae  of  aulti-turn  angular  position  tranaduoera.  Although  slide  wire 
potentloaetera  have  the  attractive  property  of  alnoat  infinite  resolution,  they  are  seldom  used  in  posi- 
tion transducers  for  fll^t  teat  purposea  aa  they  have  the  disadvantage  of  abort  life  time,  caused  by  the 
need  to  use  very  thin  wire  in  order  to  get  a useful  leeiatance  value. 

The  most  widely  used  wire  potentiometer  nowadays  ia  the  wire-wound  potentiometer  (see  Fig.  3.2-2), 
in  which  the  reaiatanoe  eloaent  oonaiata  of  an  insulated  resistance  wire  of  s speolal  metal  alloy,  wound 
around  a oora.  nia  insulation  of  tha  wire  is  i^ovad  where  the  wiper  sovee  over  the  element. 


TERMINAL 
(ONE  OF  THREE) 

SLIPRING  . CONTACT 


Fig.  3.2-2  Construotion  of  a aingle  turn  wire-wound  potentiometer. 

3.2.2  Flln  pot egtl oast era 

In  flla  p-otentlcaeters,  the  resistance  eleaent  oonaiata  of  a thin  foil  of  metal,  carbon,  or  conduo- 
tive  plaotlo,  over  which  the  wiper  can  move. 

Natal  fila  potantiOLietera  are  aeldoa  used  for  flight  teat  purpoaee,  becauae  life  expectancy  and 
reliability  ava  United.  This  ia  oeuaed  ly  the  fact  that,  beosuse  of  the  low  apeoifio  resistivity  of 
aetala,  the  foil  auat  br  extraaely  thin  to  obtain  useful  reaiatanos  values. 

Carbon  and  oenduotive  riaartlo  film  potentiometers  are  being  used  more  aiil  more  often  for  flight  test 
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pun>oaM>  Du*  io  th«  high  rMiativlty,  th«  raalvtaniMi  of  thoM  potontloMtoro  oon  bo  ouch  thidcor 

thoa  in  ootol  flla  potontloaotoro,  rooultinc  in  loogor  Ufo  oxpoctoncy  and  bottor  rollobility. 

3.2.3  CbMOc-torlotico  of  Dotontla— toro 

In  prino;.plO|  o potontloaotor  for  pooltlon  mmtmammit  oan  bo  uood  oo  o or  os  o 

vol'tooo  dlTidiM*  (ooo  Fig.  3.2-3).  Appllootioa  oa  o ooltogo  dlvldor  ouat  bo  proforrod  for  tho  following 

rooaonsi 

I ° 

■ -vA/VW  ouTOwT 

o-  - o 


o 


O OOTOUT 


Fig.  3.2-3  PotoBtloMtor,  uaod  oa  o miIoUo  roaiator  (o)  and  oa  o oolt^o  dlvidor  (b). 

- In  BOBor  oaaoa  tho  wipoi^to-oloMot  roaiatmco  soanot  bo  nagloctad  with  roapoct  to  tho  potwttioaotor 
rofiotonco  and  will,  aoroowor,  ofton  oaij  oonaidorabljr.  laaourlng  tho  rooiataBco  botwoon  tho  wiper 
and  one  of  tho  and  tomlaalo  will  not  prcvida  a good  aoaauro  'or  tho  ohaft  pooitlonf  aa  tho  unknown 
roaiotanoo  affocta  tho  rooult.  If  tho  pototiticaootor  la  uaod  aa  a voltage  dlvidor  In  properly 
doaignad  (high  iapodanco)  aaoaurlng  clrouita,  thio  gonorally  untaaow  rooiatuncc  haw  a n^ligible 
offeot  on  tho  accuracy  of  tho  aoaaiifont. 

- In  aany  oaaoa  only  vary  Mali  eurronta  can  bo  drown  aver  tho  wiper,  oapectally  with  fila  potontio- 
Botora.  Ihla  roqulroBOBt  can  Boro  oaaily  bo  not  whan  tho  potectioaotar  ia  uaod  aa  a voltage  divider 
inatoad  of  a variablo  roaiator. 

- In  non-linear  film  potoBtioBotoro  tho  roaiotanco  output  curve  can  ilffor  aorioualy  frooi  tho  voltage 
output  curve  bocouao  of  tho  two  diaanaljaal  configuration  of  tho  olMoct  (Bof.  (B)).  Kanufacturora* 
Bpooifioationa  alwayo  aaouBo  application  aa  volt^o  dividoro  in  aueh  caaoa. 

- nio  roaiotanoo  of  a potootioBotor  can  vary  oonoualy  with  varying  toMporaturo  or  huaddity.  When  tho 
potootioBotor  la  uaod  aa  a variablo  roaiator,  thia  ta^ioraturo  offoet  will  directly  innuonoo  the 
aoaauroBORt.  Hhon  tho  potootloBotor  la  uaod  as  a voltage  divider,  (with  a sufficiently  hi^  load 
roolstanoe)  tho  tMporaturo  offoc.  on  tho  output  volt^ra  wt^l  bo  negligible. 

jlfo^utj^  with  roapoct  to  potontioaotor  tronaduoero  bo  defined  aa  tho  aBolloot  dlaplacoaent  of 
tho  iigiut  ohaft  that  still  produooo  a change  in  output. 

hhon  tho  wiper  of  a wire  wound  potoRtioBotor  la  Bovod  oontlnwnialy,  tho  roaiatanco  botwoon  the  wiper 
and  one  of  tho  ends  of  tho  potontloBotor  chMgoa  ic  stops  (Fig.  3.2-4 '■  Tho  voltage  at  tho  output  of  a 
potontlOBOtor  will  aloo  change  ia  atopa,  which  are,  however,  not  ccaplotoly  oquc.1.  Their  exact  ahapo 
doponda  on  the  typo  of  power  aourca  'od  on  the  gocBotiy  of  the  wiper.  Tho  roaolutlon  of  ouch  a potently 
Botor  io,  tharoforo,  liaitod.  It  oan  ho  ahown  that  the  roaolutlon  of  an  ideal  povontioBotor  ia  batter  than 
that  given  by  the  following  fonailaoi 

Reoolution  (in  ]()  > 0.5 

Rooolution  (in  f)  > 0.3 


UJO 

oupply  voltage 

100 

nuabor  of  turns  of  wire 


X 100 


Fig.  3.2-4  RoBlstanoe  as  function  of  wiper  displacement  in  wire-wound  potentiometers 
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Ihi«  to  Irro&ularltlaB  In  the  windings  and  In  the  wlpei^to-wlre  oontaot,  the  aoourecy  of  the  laeawire- 
ments  with  wire-wound  potentiometers  will  often  be  slightly  worse  than  this  resolution. 

To  obtain  a high  resolution  In  a given  case  slse,  very  fine  wire  has  to  be  chosen.  The  wire  dimeter 
Is,  however,  limited  by  a number  of  factors,  so  that  in  practice  It  Is  not  possible  to  wind  more  than 
about  40  turns  per  mm  without  saorifioing  reliability  and  life  e:q>eotanGy.  Very  hi|^  resolutions  in  wir^ 
wound  potentiometers  oan  be  obtained  with  large  diameter  oases  and  hi^  element  resistanoea.  The  maxirnw 
aohievable  resolution  for  wire-wound  position  transducers  as  a function  of  the  oase  diameter  is  appiozi- 
mately  as  follows! 


resolution  m 


degrees  (S  in  as). 


nte  maxiaum  achievable  nsolution  for  wlr»-wound  linear  position  transducers  is  about  0.02  m. 

711m  potentiometers  have  an  almost  infinite  resolution,  depending  only  on  the  granularity  of  the 
material  used.  A resolution  of  about  4 z 10  ^ m of  wiper  displaoanent  oan  be  obtained  with  these  devices. 

Linearity  and  oonfoimitj  are  important  factors  in  oonneirtion  with  the  acourmoy  of  potent!  asters, 
nies'  teims  oan  be  defined  as  follows! 

Linearity  is  the  maTimum  deviation  of  a oalibration  curve  from  a reified  strait  line,  gsnsrslly 
expressed  in  percent  of  the  full  measurliv  range. 

Co.nformity  is  the  maximum  deviation  of  a oalibration  curve  from  a specified  no»-linear  curve,  generally 
e!Q>ressed  In  percent  of  the  full  measuring  range. 

Several  different  types  of  linearity  are  used,  especially  for  potentiometers.  These  will  be  discussed 
below.  In  an  ideal  potwtiometer  with  perfect  linearity,  the  curve  of  voltage  output  (or  resistance  out- 
put) plotted  against  shaft  position  would  be  a straight  line,  which,  as  is  indicated  in  Tig.  3.2-3,  passes 
through  the  points! 


0 % voltage  (or  resistance)  - 0 position  (A) 

and  100  % voltage  (or  resistance)  - 100  % position  (b). 

The  so  defined  strai«^t  line  is  oalled  the  "line  of  absolute  linearity".  In  practice,  however,  perfect 
linearity  does  not  exist,  and  there  will  always  be  deviations  frcm  the  ideal  straight  line.  The  - 

deviation  of  voltage-output  (or  resistance  output)  from  the  absolute  linsarity  line  is  the  "absolute 
linearity",  generally  expressed  in  percent  of  the  total  applied  voltage  and  sometinss  in  percent  of  the 
total  resistance. 

In  a non-linear  potentiometer,  the  curve  of  voltige  output  (or  resistance  output)  plotted  against 
shaft  position  would  be  a curved  line,  ideally  passing  throu^  the  points! 

0 % voltage  (or  resistance)  - 0 % position  (A) 

and  100  % voltage  (or  resistance)  - 100  % position  (B). 

The  so  defined  curve  (see  Tig.  3.2-<)  is  called  the  "line  of  absolute  conformity".  In  practice,  perfect 
oonfoxmity  does  not  exist,  and  there  will  always  be  deviations  from  the  ideal  curve.  The  maxlaua  deviation 
of  voltage  output  (or  resistance  output)  from  the  absolute  oonfoimity  line  is  the  "absolute  conformity", 
generally  expressed  as  percent  of  the  mpUsd  total  voltage  and  sometimes  as  percent  of  total  resistance. 

Most  potentiometers  have  eome  "end  reeistance",  that  is,  reeistance  between  the  wiper  and  an  and  ter- 
minal or  tap,  when  the  wiper  is  positioned  at  the  correa7>ondii«  terminal  or  tap.  Thia  resistanoe  ia  not 
only  caused  by  the  contact  resistanoe  between  wiper  and  element  but  also  by  the  resistance  between  tex^ 

minale  and  elMent.  Especially  for  film  potentio- 
meterm,this  reaistance  can  bave  an  appreciable 
value. 

The  "end  resistance"  In  potentiometers  le  one 
of  the  reasons  why  the  actual  output  lino  often 
doee  not  pass  through  the  points! 

0 % voltage  (or  reeistance)  - 0 it  position 

and  100  It  voltage  (or  resistance)  - 100  It  position. 


Tig.  3>2-3  Absolute  linearity  in  a linear 
potentiometer 
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Pig.  3.2-6  AlMolvt*  oMtfosBltg  in  • noi^llDMr 
potantlOMftnr 


Tig.  3.2-7  IndnpnninBt  llnanrlty  in  a llaMir 
potntttloMrtnr 


Pig.  3.2-8  Ind^>«nd«Bt  oonfoiai'tjr  In  a Bon-linaar 
potantioMtar 


Thin  in  ahowi  in  Pign  3.2-7  and  3.2-8  for  llnaar 
and  no»-linaar  potantloMitam.  Pbr  tkin  raaaon  it 
haa  baooaa  dcuii  uaaga,  aapaolally  in  naattfa»- 
turaiV  vaotfioaitloiia  of  poioRtioaatarai  to  apa- 
olfjr  tha  inlapandant  llnaarity  for  llnaar  potan- 
tioMitam  uid  indapandant  oonfonity  for  noi^ 
llnaar  potantiCiMrtara.  Thaaa  tana  ara  dafinaft  aa 
follOMnt 

IndanaBdant.  llnaartty  la  dafinad  aa  tha  naxlaua 
daviatlon  of  the  aotual  aaaaurad  otitput  with 
raapaot  to  a atialtfit  llnoi  draam  In  auoh  a way 
that  tha  OMi  of  aquaran  of  tha  daviatlona  la 
alnlalsad.  Hila  llna  la  oallad  the  "heat 
atralght  lino*  or  tha  *lndap«ndant  linearity 
line”.  Itavlaitlona  with  raapeot  to  ihla  line  are 
known  aa  Indapandant  linearity  errora. 
Ingagigj|agt_2^£g|8i2Z  Aeflnad  aa  the  aaid- 
nun  deviation  of  tha  actual  naaaured  ontjMt 
with  reapect  to  the  "heat  pacified  fwotlon 
curve*!  dram  In  aueh  a w^r  that  the  an  of 
nquarea  of  the  daviatlona  la  alniaiaod.  Thin 
lire  la  oallad  the  "Independent  oonfonity 
curve*.  Daviatlona  with  reject  to  thla  curve 
are  known  aa  independent  oonfonity  errora. 

Angular  poaltlon  potontioMten  with  large 
eaae  dineten  generally  bavi.  a hatter  linearity 
than  the  anall-alM  typea.  Obtainable  llnearltlee 
with  wire-wound  angular  poaltlon  potentlomten 
ant 

- about  1 % for  potentinetore  with  caae  dln> 

etera  analler  than  1^  an 

- about  ’>.02  % for  potantlonetan  with  oaae  dian- 

eten  fron  13  - an 

- about  0.002](  for  potentlanetera  with  oaae  dia^ 

etan  fron  30  - 230  anv 

Caae  dlaneten  larger  than  50  an  an,  however, 
aeldon  uaed  for  fli^it  tent  purpoaea  due  to  qpaoe 
llnitationa. 


The  obtainable  linearity  with  flln-type  ai^ular  ponltion  potenticnetern  can  be  0.07 
The  linearity  for  wire-wound  and  flln  potantlonetan  in  linear  diaplaoenent  tranaduoen  la  between 
0.05  and  0.1  % of  the  fill  atroke. 


fceoifie  non-linear  relationnhlD  between  operating  diaft  and  output  oan  be  realiaed  by  the  nanufao- 
turere  of  potent loaetera  in  different  wayn^for  inntanoet 

- by  ahuntiiv  parta  of  the  potentioneter  by  fixed  realatore,  aounted  inalde  the  tranaduoer  caae 

- by  varying  the  wire  q>adng,  wire  dieneter,  or  oore  dinenalona  of  a wire-wound  potentioneter 

_ ty  varying  the  ahape  of  the  reeiatance  eleawit  of  a flln  potentioneter  by  local  changes  in  film 
width  and/or  thickneaa. 

The  charaoterlatloa  of  fila  potentioneter^  are  alightly  different  fron  thoae  of  wire-wound  potentlo- 
aetera  beeauae  of  the  two-diaenalonal.  configuration  of  the  elenent  (aee  Ref.  (8)).  It  appeara,  for 
inetanoe,  that  in  the  caae  of  a noiwllnear  flln  potentioneter,  the  curve  for  realatance  veraua  ahaft  poal- 
tion  oan  differ  algniflcantly  fron  the  curve  for  voltage  veraua  shaft  position,  tdiereas  these  curves  al- 
waya  have  the  ame  fora  for  wire  potentlonetera.  In  general,  this  effect  will  net  limit  the  possible  appli- 
cations of  film  potentiometers,  but  it  ia  all  the  more  a reason  potentioaeters  ahoidd  be  used  aa  voltage 
dividers  rather  than  as  variable  realatore. 
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E 


nc«  3<2<>9  MnolplR  of  RlM-ooRln*  pot«ntiaa«ter 


lEi^llBaBr  rRlRAienahlpR  WkWMB  dliplBonct  and  ixMisduoBr  output  oan  rIbo  bo  roaliood  bgr  oparotlnc 
» llBoar  troaadaoor  vlo  o noiwllBoor  llokaco  or  IcT  obmitlaf  parto  of  iha  potantleMtar  tgr  ftxad  raatatora 
ovtalda  iha  oaaa* 

■s»>ltsMar  poiaBtloaatara  ara  aaldca  uaad  for  iha  poaiiiou  aaaaiirMant  oonaidarad  In  ihla  voluna.  In 
a ttm  oaoaai  howaTar*  iha  agnilloaiiOR  of  non-llnaar  poiantioMtara  oan  ba  uaad  aa  a aaana  ic  oaaoal  oui 
nws-llnaariilaa  oauaad  hr  aaohairtoal  llnkasaa,  ato. 

A apoolid  ippa  of  aoo-linaar  potoBtiaaatar  la  iha  Blaa-ooaino  potantiuiiatar  (Safa  (Bl),  (Eg)  and 
(7))*  Wonr  inaulatad  bruabaai  looaiad  aoouraialp  ai  iha  ooman  of  a aqoarai  nova  in  a olrola  aoroaa  a 
flad  anrfaoa  of  a raaistaBoa  alanant  (aaa  fig.  3«^9)«  ahloh  oaa  ba  olthar  of  iha  fila  ippa  or  of  iha  wira 

ippa.  Tha  voliaga  dlffaranoaa  baiwaan  di»> 
■atrioallj  oppoaad  bmahaa  ara  proportional 
io  iha  aina  and  ooaina  of  iha  angla  of  roia- 
iion.  In  poalilon  iranaduoara  for  fli^  iaai 
puzpoaaat  ihaaa  poiantioaatara  ara  aaldoai 
uaad* 

Taoa  In  poiantloaatara  ara  fixad  alao- 
irloal  oonnaoilona  ihai  oan  ba  uaadt 

- aa  a voliaga  rafaranoa.  If  auoh  a iap  ia 
uaad  aa  "oantra  aaro  ouiput  la  ob- 

iainad  at  iha  oanira  poalilon  of  iha 
Mipar  (aaa  Fig.  3.2-10) 

- uhan  iha  aaaauraaani  ranga  onlp  oorraaponda  io  a part  of  a 360**  ium.  Poiantioaioiara  with  lauliipla 
iipa  ara  vaip  uaaful  for  obtaining  a quick  aolution  In  auoh  oaaaa. 

- io  ahnnt  parta  of  iha  poianilooiatar  in  ordar  io  Influenoa  iha  ralatlonahip  baiwaan  wiper  poaliion  and 
outpni.  Ihia  poaalbillip  la  aaldoa  uaad  In  fll^  iaai  poalilon  aaaouraaania  baoauaa  in  auoh  oaaaa 
nofr>llnaar  poianiloaoiara  oan  proLrldo  au^  batiar  acouraoiaa. 

]^r  wira-wound  poiantloaiaiara,  a iap  wiihln  iha  naaouring 
ranga  haa  oonaaquanoaa  If  ona  or  aora  windii«8  ara  ahoriad 
bgr  iha  i^»  via.i 

- daoxaaoa  of  local  raaolution  (largar  dead  sona) 

- Incraaaa  of  llnaarlip  arrora. 

In  iha  Idaal  caaa»  which  oannoi  aasilp  ba  raaliaed,  a 

i^  ia  nada  on  one  alngle  winding  and  iha  above  aantioned 
diaadvaniagaa  do  not  aziat.  For  film  poientioaeiarai  two 
ippaa  of  iqpa  can  be  diailngulahedt 

- iha  "aaro  width  i^>a".  Such  iiq)a  give  nagliglbla  dead  aonaa.  Howavari  onlp  verp  aaall  ourranta  (a  few 
bA)  map  be  drawn  over  than,  bacauaa  the  raaiatonoe  between  each  i^>  and  iha  elaaeni  la  relativelp 
high  (a  few  tana  of  ohma). 

- the  "aaro  raaiaianoa  i^>a"  or  **ouxT0nt  which  hnv0  & ^slvtancw  of  only  & fww  ohns  And  ax*c 

pable  of  oairying  curronta  to  about  30  mi.  Tha  width  of  auoh  a tap  la  ^anarally  not  negligible 
(minima  abo\tt  0.3  ■•)  and  Introduoaa  a dead  aona. 


for  normal  ippaa  of  potuntlomeiere  for  flight  teat  purpoaea  ara  from  a few  hundreda 
io  a few  ihouaanda  of  ohma.  Speolal  ippaa  oan  have  lower  or  higher  valuea. 


Maxiro  allowable  power  raiinga  for  normal  ippaa  of  potenilometara  for  flight  teat  purpoaea  are  from 
0.3  U io  3 k»  Special  ippaa  oan  have  higher  raiinga. 


Sim.  of  poiagtiometara.  In  manp  apaci float Iona  or  dlaanaiona  of  poianiiomeierat  the  notation  "alaa 
maibor”  ia  uaad.  Ihia  alaa  number  repraaanta  the  maximum  outaida  diameter  in  tantha  of  inchea.  Rraotlona 
of  tantha  of  Inohaa  are  rounded  to  tha  next  higher  tenth,  ibr  inatanoai  a poteniloaater  with  a diameter  of 
1.08  inoh  ia  daaignaiad  aa  en  11-alae  potantlomater.  Xoet  oomxjnlp  uaad  aisea  for  potantlometera  for 
fli^i  iaai  work  ara  alaaa  8 and  11. 
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within  which  potcntlomatarw  bmjt  h«  uswd  la  froa  -60°  C to  ^-lOO”  C for  rolatlvely 
eowoa  tTpaa  anl  -60^  C to  4250^  C for  apaolal  t7paa>  Tha  lattar  Hay  for  Inatanoa  ha  raqtiirad  whan  flight 
twata  at  high  Naoh  nuihara  hava  to  ha  parfomad> 

It  mat  ha  kapt  in  adnd  that  in  aoaa  oaaaa  tha  tmparatura  riaa  oauaad  Iff  tha  alaotrioal  powar  di^ 
aipation  in  tha  potantloaiatar  oannot  ha  naglaotad.  Ihia  ia  aapaolally  trua  for  low-raaiatanoa  potantio- 
■atara  that  will  ha  ohoaan,  for  Inatanoa,  whan  diraot  indicating  inatrmanta  hava  to  ha  oonnaetad.  In  aoat 
■anufaoturara'  apaoifioatlona,  tha  tanparatura  linltationa  ara  axpraaaad  in  two  valuaat 

- a valua  of  tha  taapamtura  riaa  oeourring  at  tha  naxiaua  allowahla  powar  rating 

- a naxlaKai  valua  of  tha  anvlroaMantal  tanparatura  in  whioh  tha  potantioaatar  la  uaad. 

It  mat  ha  kapt  in  nind  that  tha  aortual  Halting  factor  ia  tha  tmparatura  of  tha  potantionatar  ela- 
aant,  which  la  auhjaot  to  tha  aun  of  thaaa  two.  In  oaaaa  whara  thara  ia  appraolahla  powar  diaalpatlon,  it 
ia  aafar  not  to  uaa  tha  potantioaatar  at  anvironnantal  tanparaturaa  hlghar  than  tha  apaolfiad  aaxiiiua 
anvironaantal  tanparatura  nlnua  tha  taaq;>aratura  riaa  dua  to  powar  dlaaipation. 

with  raapaot  to  potantlonatara  ia  tha  affaot  that  raaulta  haoauaa  tha  output  of  a 
potantiomtar  dapaiw.o  on  tha  ourrant  that  la  drawn  through  tha  wipar.  In  Hg.  3.2-11  a potantionatar  with 
a raalatanoa  1^  haa  a aupply  voltaga  ■ and  ia  loadad  hgr  a raalatanoa 

Tha  wipar  divldaa  tha  potantiomtar  in  and  Il2> 

Tha  ourrmt  through  will  divida  at  tha  wipar  into  a 
part  paaaii^  through  R^  and  a part  paaaing  through  R2« 
Thua,  tha  currant  in  R^  Ic  mallar  than  tha  currant  in 
R^,  and  tha  voltaga  will  haoone  lowar  hf  tha  praa- 
anca  of  tha  load  raalatanoa  R^.  Fig.  3.  2-12  ahowa  tha 
affaot  of  loading  on  tha  output  of  a linaar  potantl<^ 

)?lg.  3.2-11  Potantionatar  with  load  raalator  ■**«*•• 

■aximn  about  2/3  tram  tha  aaro  voltaga  and. 

Tha  Mgnltuda  of  tha  arror  and  tha  location 
of  tha  aaximn  dapand  on  tha  raalatanoa  ratiO| 
i.a.t  tha  ratio  of  tha  load  raalatanoa  to  tha 
almant  raalatanoa  (Raf.  (9))« 

Tha  aaxiania  arror  ia  approxiaatalyt 

n^mm  arror  - „tio  ^ 

For  inatanoa,  for  a potantiomtar  of  1 Kt)  and  a 
load  raalatanoa  of  20  Eo  , tha  naxiawn  arror 
aaounta  to  ^ % ■ 0.79  %•  load  affaot  can  ha 
BinlaiBad  hjr  ohooaing  a hi^  load  raalatanoa 
ratio.  To  aohiava  thia,  it  will  aomtiaaa  ha 
aaoaaaarj  to  uaa  an  aapllfiar  hatwaan  tha  potan- 
tleawtar  output  and  tha  load.  Coapanaation  of  tha  load  affaot  oan  ha  aohlavad  h^  applying  a non-linaar 
potantiomtar  and  mtohing  both  non-linaaritlaa.  Thla  ia,  howavar,  a vary  axpanal'ra  aathod,  uaahla  only 
whan  tha  potantloaMtar  ia  aJwaya  loadad  in  tha  aam  way. 

For  flight  taat  purpoaaa,  linaar  potantioaatara  with  a lotid  raalatanoa  aa  hl^  aa  poaaihla  ara  uaual- 
ly  oboaan  ao  that  tha  affaot  ia  nagligihlai  tha  raaidual  Influanoa  can  ha  oanoallad  out  by  ovarall  cali- 
bration of  tha  naaanrlnc  qratm. 

frcn  a potantiomtar  ia  daflnad  aa  tha  fluctuating  diatortion  of  output  that  la  not  praaant  at 
tha  input  aa  voltaga  fluctuation  or  ahaft  aovomnt  fluctuation.  lolaa  acta  aa  an  additional  voltaga  aouroa 
in  tha  naaauring  circuit  eonhinad  with  a varying  raaiatanca  ia  aariaa  with  tha  potantiomtar  output  laad. 

Som  aouroaa  of  noiaa  arat 

a)  varying  raalatanoa  hatwaan  wipar  and  almant,  aapaolally  during  wovanant  of  tha  wipar 
h)  oontact  of  tha  wipar  with  nora  than  ona  windliy  of  a wira  potantiomtar 
o)  praoanoa  of  dirt  ac.d  corroalon  on  wira  and  wipar 

d)  vibration  of  tha  wipar  and  "ohattar*  whan  tha  wipar  aovaa  quickly  acroaa  tha  wira  alanant 
a)  galvanic  and  ohanioal  action  hatwaan  wipar  and  alanant. 


Fig.  3 .2-12  Loading  affaot  for  a linaar 
potentioaeter 
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■olM  la  aorl  ooMonly  aapraaaail  la  otas  and  la  than  oallad  Bjulvalant  foiaa  Raalataaoa  (M*). 

Za  lBf*(9)  tha  fOlloMac  aathod  Iter  aaBaurlac  thla  WOL  la  wlra  potantloMtara  la  daaorlbad.  Tha  potato 
ilOMttar  ahall  ba  oooaaotad  «o  a coaataat  oiurant  aourca  of  1 ad  and  to  a hldh  iapadanoa  oaollloaoopa  aa 
la  He*  Sttrlag  Iba  taat,  tha  abaft  ahall  ba  rotatad  la  both  dlractloaa  at  an  angular  rata  of 

4 ravolutloaa  par  alnuta.  Tha  aqulvalant  raalataaoa 


ahall  ba  oaloulatad  uaiag  tha  following  fonulat 


nolaa  - 


0.001 


ohaai  whara  I - aaaaurad  poak  voltaga 


pa 


In  volta. 


Fig.  3.3-13 


Bafora  tha  aaaauraaant  takaa  plaoa,  tha  potan- 
tloMtar  ahaft  ahall  ba  rotatad  10  ojrclaa.  In  aoat 
Vaolfioatlona,  a aarlana  of  25-100  ohaa  la  glvan  aa 
tha  allowabla  valua  for  tha  BB  ao  aaaaurad. 

For  oonduotlva  flla  potantloaatara,  tha  m, 
whan  aaaaurad  aa  daaorlbad  abovot  alll  ganaralljr 
(aoaatlaaa  oallad  DC  offaat).  nila  la  dua  to  tha  rathar  high  contact  raalatanoa 
flla  (oftan  about  2 of  tha  total  raalataaoa).  Hhan  tha  nolaa  of  flla  potantloaatara  la 


VOLTAM  Acaou 
CONTACT  aCMTAHCC 


BB  taat  for  rotax7  wlra  potantl<^ 

aatara 


Aow  a larga  BO 
batwaaa  wlpar  an 

aaaaurad*  tha  ataadjr  oo^onant  la  gaaaralljr  blookad  bgr  oocmaotlng  a 0.1  *iF  oapaoltor  In  aarlaa  with  tha 
oaollloaoopa  lignit. 

Low  nolaa  oan  ba  obtalnad  If  tha  aanufaoturar  takaa  atapa  to  provlda  It , aueh  aa  proper  daalgn  of 
ooataot  axMt  oaaaftalljr  oaloulatad  oontaot  preuaura*  olaan  aaaanbly  oondltlona,  ato.  Bolaa  oan  ganerally 
ba  nimalBad  h7  aaoldli^  high  wlpar  ourranta*  l.a.*  I7  applying  high  raalatanoa  loada.  Tha  affect  of  nolaa 
on  tha  aaaaurlng  olroult  oan  ba  kapt  to  a low  lawal  bgr  appigrlng  flltam. 


4.1  of 

A ^mohro  la  an  alaotronagnatlo  Aavloa  In  whloh  tha  angular  poaltlon  of  a ahaft  dataralnaa  a uniqua 
aat  of  AC  output  aoltagaa  or*  oomaraalgr*  la  whKdi  a ahaft  la  novad  to  a oartaln  ai^ular  poaltlon  dataiw 
Mlnad  bgr  a unique  aat  of  AC  Ingint  woltagaa.  Tha  naan  "agmrdtro*  ^ndloataa  that  thaaa  unite  are  nainlgr  uaad 
to  tmnaalt  a ribaft  rotation  alaotrloallgr  fron  ona  place  to  another  ("alaotrioal  axla*).  In  thla  applica- 
tion two  In  prlnolplo  Idantlcal  unlta  are  alaotrloallgr  iittarooanaotadi  rotation  of  tha  ahaft  of  ona  unit 
(tha  *traaanlttai*)  than  raaulta  In  a jBQ)gy£BBQi  rotation  of  tha  ahaft  of  the  other  unit  (tha  "racelvar*X 
at  laaat  at  low  apaada.  For  fll^t  taotlng*  aTnehro  trananlttara  are  oftan  uaad  without  tha  raoalvar.  Tha 
output  woltagaa  are  than  oonvartad  to  BC  or  digital  algnala  hjr  algnal  condltionara.  Such  agrnchro-to-OC  or 
aynohro-io-dlgltal  oonvartara  oan  alao  ba  oonnaetad  to  an  azlating  aTnohro  ohain. 

Tha  baalo  atiuotura  of  tha  agmohro  oonalats  of  a atator  and  a rotor,  both  of  rdiioh  oarrgr  ona  or  nora 
oolla. 

Tha  powar  to  or  fron  tha  rotor  la  ganarallgr  auppllod  ala  allp  ringa.  Tha  noxual  power  aupplgr  for  ajm- 
ohroa  uaad  for  fll^  taat  applloatlona  la  26  T or  115  F with  a fraquanogr  of  400  Ha. 

Fig.  4.1-1  ahowa  a tgrpioal  ajndiro. 

Oanaral  oonaldarationa  on  agrnohroa  la  poaltlon  aaaaurlng  ajwt tmm  are  given  In  Bafa  (ll)  to  (I4). 

Bjmohroa  oan  ba  claaai- 
fiad  In  three  aain  groupat 
torque  elan ant  a 
oontrol  alananta 
raaolwar  alananta. 

Wthln  thaaa  baalo 
groupa  tha re  are  additional 
dlffaranoaa,  dapaerilng  on 
tha  Indiaidual  fiaiotlona  In 
anglo-tranaalaaion  agrataaa. 


Fig.  4.1-1  ^loal  ^mohro 


11 


Hiwwtt  In  th«  ateva  Mntionad  groupa  arat 
traiunlttara 
raoaivan 
dlffarantlala 
oontrol  tranafomars* 

Bafora  aora  datalla  ara  givan  about  tha  thraa  aaln  groupa  (Saotiona  4.2.2  to  4.2.4),  Saotlon  4.2.1 
glaaa  dafinitlona  of  tha  aoat  inportant  alaaanta.  Ihara  ara  apaolal  typaa  and  foxaa  of  ajmohro  alManta  to 
aaat  partloular  ra<tulraMnta.  Thaaa  will  ha  traatad  In  Saotlon  4.2.5.  In  Saotlon  4.2.6  aoaia  attantion  in 
glvan  to  a nuabar  of  qpaolal  ^mohronoua  raaota  indicating  ayataaa.  Thraa  agrataaa  ara,  howrvar,  baaad  on 
prinoiplaa  diffaring  aoaawhat  froa  tha  nomal  qrnohro  prinoipla.  In  Saotlon  4.2.7  a abort  daaoription  la 
giwan  of  a apaolal  SC  ^mohronoua  arataa  that  waa  originally  davalopad  for  diraot-indi eating  puipoaaa  and 
la  atm  oooaaionally  uaad  for  flii^t  taat  purpoaaa. 

4.2*1  Pafinitiona  of  awiohro  alaaanta 

A la  a aynohro  tdiioh  tranaalta  alaotrioal  infoxnatlon  corraaponding  to  tha  pool- 

tlon  of  tha  rotor  ralativa  to  tha  atator.  Thla  agrnohro  la  daaignad  prinarily  for  oparation  with  raoaivara 
and  torqua  dlffarantial  tran«d.ttara.  The  unit  can  alao  ba  uaad  with  algnal-oondltioning  oiroulta  with 
ralatlvaly  low  input  inpadanoa. 

A isSSStJSSikHXL  * ajnohro  tdiloh  oonvarta  tha  alaotrioal  Infonatlon  raoalvad  fron  a torque  tran»- 
alttar  into  a torqua  Mqtliad  to  tha  rotor,  tharabgr  tumii^  tha  rotor  to  a rx>Bltlon  ralativa  to  tha  atator 
oorra^ndlng  to  that  of  the  torque  tranailttar  rotor.  Thia  aynohro  la  daaignad  prlaarily  for  oparation 
with  torqua  tranaaittera  and  torqua  dlffarantial  tranMlttara. 

A toroua  dlffarantial  tranMittar  la  a aynohro  whioh  idtan  oonn*.otad  to  an  anargiaad  torqua  tranaaiit- 
tar,  trananita  alaotrioal  Information  oorraaponding  to  tha  aum  or  diffaranoa  (dapandii«  on  tha  intaroon- 
naoting  wiring  aywtan)  of  tha  angular  poaitiona  of  tha  rotora  of  thaaa  two  unita  ralativa  to  their  raivaet- 
Iva  atatora.  Thia  ^nohro  la  daaigaad  primarily  for  oparation  batwaan  a torque  tranaadttar  and  a torque 
racaivar. 

A tomua  dlffarantial  raoaivar  ie  a aynohro  in  whioh  tha  rotor  la  forced  to  aaauma  a poaitlon  with 
raapaot  to  the  atator  equal  to  the  aum  or  diffaranoa  (dapanding  on  tha  intaroomaotlng  wiring  ayataa)  of 
tha  alaotrioal  angular  information  raoaivad  by  ita  atator  froa  ona  tranamittar  and  by  ita  rotor  from  a 
aaoond  tranailttar.  Thia  ^nohxo  in  primarily  daaignad  for  oparation  with  two  aynohro  torqua  tranMittara. 

A oontrol  tran^ittar  la  a aynohro  idiloh  tranamita  alaotrioal  Inforamtion  oorraaponding  to  tha  poai- 
tion  of  tha  rotor  relative  to  tha  atator.  Thia  aynohro  ia  daalgnod  primarily  for  oparation  with  control 
trmnaformara  and  hl|^  input  lapadanoa  aignal-oondltloning  oiroulta. 

A oontrol  tranaformar  la  a ayndiro  whioh,  tdian  oonneotad  to  an  anargiaad  oontrol  trauMittar,  glvaa 
an  output  algnal  proportional  to  tha  aina  of  tha  diffaranoa  of  tha  angular  poaitiona  of  tha  rotora  of  tha 
oomMotad  unita  relative  to  their  raapaotive  atatora  (arror  voltaga).  Thia  aynohro  ia  daaignad  primarily 
for  operation  with  oontrol  tranamittara  and  oontrol  dlffarantial  tranamlttera.  Tha  rotor  output  ia  general- 
ly oomwotad  to  a aervo  qratam  whioh  tuima  tha  rotor  until  the  rotor  output  ia  aero. 

A oontrol  diffarawtial  tranittar  ia  a aynohro  whioh,  whan  oonnactad  to  an  anargiaad  oontrol  tranm- 
aittar,  tranamita  alaotrioal  Infoimation  oorravonding  to  the  aum  or  diffaranoa  (dapandiig  on  tha  intex*- 
ooimaoting  wiring  qratam)  of  tha  angular  poaitiona  of  tha  rotora  of  thaaa  two  unita  ralativa  to  thalr  ra- 
apaotive atatora.  Thia  qjnohro  la  daaignad  primarily  for  oparation  batwaan  a control  tranMittar  and  a 
control  tranaformar. 

A la  a aynohro  whioh  haa  two  parpendioular  wlndlnga  on  tha  atator  and  generally 

two  wlndlnga  on  the  rotor.  Tha  raaolver  haa  ita  rotor  mechanically  poaitionad  for  tranamlttlng  alaotrioal 
information,  oorraaponding  to  tha  angular  poaitlon  of  the  rotor  with  raapaot  to  tha  atator.  Thia  aynohro 
la  daalgned  primarily  for  uaa  with  raaolver  control  tranaformara  and  raaolver  differential  tranamittara. 


A XHBiLCtt.jBDBLjlMI&IMC  **  * ^tbobto  mbIob  bm  «ho  pupanuoulu'  wlaunia  ob  tM  at«tor  and 
■•Mndljr  two  wtntinga  on  tho  ntor*  This  roaolvor  tranafoiM  olootrlool  aaieiilor  InfoiMtlon  froa  tho 
tor  to  o veltM*  proportlonol  to  tho  olno  of  tho  dlfforonoo  hotnooa  tho  olootrlool  input  oaflo  and  tho 
oolvor  oontrol  rotor  aoflo*  Ihlo  qmduro  la  doolciiod  priaarllp  for  uoo  with  roooloar  tmnoBlttora  and  r»- 
aoloor  difforovtlol  tronofomors. 


A 2H8lBLJUtlCHdlllL  * agrnohro  nhloh  hoa  two  potpondioular  wlndinga  on  both  tho  rotor  and  tho 
otator*  Ihia  rooolror  hoo  Ita  rotor  noohontoolly  pooltloaod  for  nodlfyiiw  olootrlool  aaiular  Infonaotlon 
rooolwad  froa  a troaalttor  and  r»-traw1ttli^  tha  olootrlool  Infoiaattlca,  oorroopoadlnc  to  tho  oua  or 
dlfforonoo  (dapondlnc  on  tho  IntoroonnootlBc  wiring  proton)  of  tho  olootrlool  li^ut  anglo  and  Ita  rotor 
poaitlOB  ai^lo.  Ihlo  agmohro  la  doalpaod  prlaarlly  for  woo  with  rooolwor  tranoolttoro  and  rooolror  oontrol 
troBofoiaora* 


A troBfolvor  lo  a ^fnohro  whioh  hoa  a throo  phaoa  winding  and  two  olnglo-phaoo  wlndinga,  olthor  of 
which  aagr  ho  tho  rotor  or  tho  ototor.  It  oan  ba  rogardod  ao  a oeablnatlon  of  a qmohro' oontrol  traaoforaor 
and  o roaolwor*  Iho  unit  oan  bo  uaod  for  a wldo  worlotj  of  appllootlono*  Tronoolwaro  fora  tho  brldgo  b^ 
twow  tho  throo  phaoo  doriooo  on  ono  aldo  and  tho  rooolroro  on  tho  othor  oido* 

Nora  doflnltlona  on  opnohroa  aro  giwon  In  haf*  (!$)• 


I aoToa 


MClIVfO 


Torquo  oTBohroa  aro  uaod  for  tha  tronnalaolon  of  angular  poaltion  Infoiaatlon  and  for  tho  roprodw^ 
tlon  of  thlo  Infomotlon  bp  tho  poaltion  of  tho  ahaft  of  tho  roooivor,  which  oan,  for  Inotanoo,  drlwo  a 
polntor  or  a oot  of  polntoro  In  a dlroot-indioatlag  Inatrunant.  Mliial  Ignnanl  botwoon  tho  ahaftn  of  tho 
tronMlttor  and  rooolwar  (apmAiroa  Inoroaooo  with  tho  noohanleal  load  on  tho  rooolrar  ahaft,  and  for  thlo 
roooon  thooo  apnohroo  giro  tho  hlghoot  aoouracar  whan  tho  rooolvar  ayotano  hara  oaall  Inortla  and  aro  wall 
balonood,  Iho  opaton  la  not  powor  iiillfpiiat,  and  honoo  anp  Boohamoal  load  noting  vpon  tho  rooolror  la 
fad  book  ao  a load  for  tho  trononlttor.  Both  tho  tranonlttor  and  tho  roooiror  horo  a throo-phaao  ototer 
and  a omglo-phooo  rotor  winding* 

Tho  prlnciplo  of  tho  torquo  ^ratw  la  on  followat  Tha  rotoro  of  both  tronaalttor  and  roooiror  aro 
anorgiaod  fron  tho  AC  oupplp  (ooo  Fig*  4*2-1)  and  prodnoo  an  altomatlng  flux  in  tholr  oorroo|)oading  ot^ 

torn*  If  tho  rolatlro  poaltion  of  rotor  to  otator  In 
tho  two  npnahroo  lo  difforont,  tho  throo  ooltagao 
/ ToamiaTTia  MClirgo  orootod  in  tho  two  ntatoro  tp  tho  altomatlng  flu* 

dlffor,  oanalng  ourranto  In  tho  loads  oennocting  than. 
Than  torquoo  aro  prodwood  in  both  opnohroo,  acting 
upon  tho  rotoro*  Thooo  torquoo  trp  to  ollainatto  tho 
dlfforonoo  In  roltagos,  l*o*,  to  align  tho  two  rotors* 
Oonorallp,  tho  tronaalttor  rotor  Is  flxad  bp  its  aa- 

AC  HISSLY 

ohanioal  Input  and  tho  roooiror  rotor  la  froo  to  tun 
Fig.  4*2-1  Torquo  ^nohro  AC-tranonlsslon  oo  that  It  aligns  Itoolf  with  tho  tronmittor  rotor* 

Thus,  anp  noroMBt  of  tho  trwo^ittor  rotor  will  bo 
r^>oatod  "apnehroBoualp*  bp  a oorroapondlng  normant  of  tho  roooiror  x.'jtor* 

Nhon  tho  rotoro  aro  allgnod,  tho  oorroapondlng  roltagoo  of  both  statoro  aro  aqual  and  ao  ourrontn 
flow  In  tho  Intoroonnootlng  loads*  Tho  roltagoo  botwoon  tho  throo  stator  linos  aro  rlsuallaod  as  funotlons 
of  tho  rotor  ai^lo  of  the  allgnod  traaailttor  and  roooiror  In  Fig*  4*2-2*  Tho  rolti^os  aro  glran  as  a 
fOnotlon  of  rotor  position  and  not  as  a fhnatlon  of  tins.  Tho  throo  AC  stator  roltagoo  aro  in  tino  phaoo, 
rh areas  with  rospoot  to  tho  rotor  roltago  thop  haro  a phaoo  shift  of  B to  20  dagraas  (loading)  for  •■all 
qmohroa  and  of  2 to  6 dograoo  (loading)  for  largo  tppoo* 

Tho  roltagoo  botwoon  tho  throo  stator  linos  under  static  oondltlons  aro  glran  as  fanotiono  of  tho 
rotor  anglo  bp  tho  following  oquatlonai 


AC  HieSLY 


Fig.  4*2-1  Torquo  ^nohro  AC-transnl asi on 


1^  - 1^  «la  (•  > lao**) 
•3  • ^ HB  («  . a»o®) 
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^ a warn,  laiMOBt  r«a«B«  lla*  mtag* 
1^1  ^ ■■*  Sj  ■ r»a*B.  VBltBgM  WtBBB 

« ■ rotor  v^tloB  1b  4igrooB« 


tko  Uvoo  atator  llaoo 


STATOB.  i 
VOLTAM 


MTOB  POBTION 


fUt*  4*^2  BBl  iho  aboro 
CiraB  foaaBloa  olao  hold  for  o 
alBglo  ajBBiuv  traaoBlttoi^  Bot 
ooBBooiod  with  o rooolror. 

froa  tho  aboro  oquatloao 
tho  fbllowlBC  rolatioBo  oaii  bo 
dorirodi 


oot(  • ■ - 


OOtf  O a ' 


(^•*) 


Fl(>  4*2*2  atotor  aolti^ao  oa  o fUBOtioB  of  rotor  poaitioB  V 3 / 

IhoBO  ahow  that  tho  aa(lo  a lo 

iadapandOBt  of  tho  aopply  ooltaco  ^ aad  lo  ftollj  daflBod  (wlthlB  ^ 36O  dagroao)  bf  tho  ratioa  botwoaB  tho 
otator  rolt^oo.  ChaBCiBg  tho  oKoitBtioB  roltafo  «111  lafluanoo  tha  pietwo  in  Flc*  4*2-2  0BI7  Mith 
apoot  to  tho  roltago  aaplittadoo  aad  aot  with  roopoot  to  tho  ratio  of  tho  throa  wolt^oo  to  oaoh  cthor. 

War  flight  toot  pBipoaaa  It  lo  pooolblo  to  ooonoot  two  (or  aoro)  rooolroro  In  parallol  to  oao  traao- 
Blttor  bat,  iB  gOBoral,  aiQh  addltloaal  rooolwora  oro  llablo  to  lapalr  tho  aooora«ar  of  tho  ayotaa  If  m 
^oolal  prooantloao  aro  takoa.  Hloall^MBt  duo  to  aarawaalwo  aochanloal  load  on  oao  rooolrar  ahaft  lo  ra- 
flootod  book  iBto  tha  apataa  aad  affoota  tho  aooaracQr  of  all  ethor  rooolrora.  Ihla  OMtual  latorforaaoo  oaa 
bo  rodaood  bgr  aalBg  raoolrom  with  hlghor  atator  lapodaaooo.  Iho  nwbor  of  rooolwora  that  oan  bo  oporatad 
itipalo  OB  tho  powor  ratlag  of  tho  tronoall  tor. 


If  tho  dlffbraBoo  or  tho  oob  of  two  oBgloa  onot  bo  aoaairod,  a torqao  dlfforaatial  tranaalttor  oan  bo 
iBoartod  In  tho  tranaalaoloB  AoIb.  Am  dlfforoatlal  torguo  tranaalttor  ha«  a throa  phaoa  rotor  and  atator. 
Zto  atator  la  oaoBoetod  to  tha  atator  of  tho  tranaalttor  and  Ita  rotor  to  <iho  atator  of  tho  rooolvor  (aoo 
fig*  4*^3)*  Tho  anglo  of  tho  ootput  ahaft  of  tho  roooiwor  lo  tha  aoa  of  tho  ai^loo  of  tha  rotoro  of  tha 
tranalttor  and  tha  dlfforaoftlol  tranaalttor.  Iho  dlfforonoo  Inatoad  of  tha  aua  of  tho  two  ai^laa  can  bo 
obtalnod  bgr  roooralBg  aog  two  latorooiBiaotlag  loado  batwoon  tho  atatcro  of  tronMlttor  aid  dlfforontlal 
tranaalttor. 

Iho  prlnolplo  of  tho  torqua  dlfforontlal  rooolvor  la  alllod  to  that  of  tho  torquo  dlfforontlal  trana* 
Blttor.  Ihlo  dovloa,  whan  oaoBootod  to  two  tranMlttoro,  will  produoo  a ahaft  output  aigla  idiloh  la  tho 
aua  or  tho  dlfforonoo  of  tho  riiaft  ai^oo  of  tho  two  tronailttoro. 

Iho  tronafomatlon  ratio  of  torqua  dlfforaitlalo  lo  gonorallp  111,  but  ooaatlBoo  It  lo  ollghtly  aora 
to  nnapanaato  for  tho  volt^o  drop  In  tho  agrataa. 
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Vlg.  4.2-3  Torqua  afnahro-trananlaalon  ofottaa  with  Inoortlon 
of  a dlfforontlal  troBMlttor 


4.2.3  Control  arnohroa 

Control  ^ohroa  aro  o^lopod  In  a 
data  tranaalaalon  qrataa,  In  whloh  a 
aorvo  agrataa  la  roqulrod  to  drlvo  a no- 
ohonlaa  whloh  aagr  havo  largo  Inortla  or 
roqulroo  a rraatar  torqua  than  oan  ba 
provldad  hgr  a torqua  alaaont. 

la  In  tho  oaaa  of  torqua  tranoal^ 
aloBi  tha  rotor  of  tha  control  tronaalt- 
tar  la  onorgload  tho  AC  aupplgr  (aoa 


u 


M(«  4>^)«  1h«  i«e«tvln(  igmohro  la  oallad  a control  traaafomari  and  tha  rotor  la  not  anarclaad  but 
provldaa  tha  Input  for  an  alaotronlo  Mgpllflor.  Both  tha  tmnanlttar  and  tha  tranafonar  hava  a aincl»> 
phaaa  rotor  and  a thra»-phaaa  atator. 

Mian  tha  rotor  of  tha  tronaalttar  la  anarflaadi  thi  thraa  llaa  voltacaa  Induoad  in  tha  atator  vary 
itlth  tha  rotor  poaltion  (aaa  flc«  lhaaa  voltacaot  aivpUad  to  tha  atator  of  tha  control  trana- 

fonwri  raprodttoa  tha  dlraotlon  f tha  altamatlnf  tranadttar  flux  and,  bjr  tranafonar  aotlon,  a voltaca 

la  fanaratad  In  tha  rotor.  Thla  voltafta  la 
npllflad  and  fad  to  a aarvo  aotor  which  dnvaa 
tha  aaohanln  to  ba  oontrollad  (for  Inatanoa, 
a polntar  via  a faar  train)  and  alao  tha  rotor 
oi'  tha  oontrol  tranafonNr.  Iha  rotor  la 
driven  to  a poaltlnn  at  a rl^t  an(;la  to  tha 
flux  raproduoad  In  tha  oontrol  tranafonari 
thn  tha  rotor  output  voltaca  la  aaro.  dngr 
ohanfa  In  tha  poaltion  of  tha  trnnanlttar 
rotor  altaro  tha  dlraotlon  of  tha  flux  In  tha 
oontrol  tranafonar  and  a voltafa  la  produoad  In  tha  oMtrol  tranafonar  until  tha  drlva  ra-nulla  tua 
rotor,  dablpulty  of  aaro  poaltion  of  tho  rotor  la  avoided  bgr  ^uum  diaorlninatlon  la  tha  aapllflar  or  the 
aarvo  aotor.  Oanarally  a two-phaer  induotlon  aotor  la  uaad,  of  which  ona  phaaa  la  oontlnuoualy  anaTKlaadt 
wharaaa  tha  other  phaaa  la  oonoeotad  tilth  tha  wpllflar  output.  Iha  otttput  pouar  of  auoh  a agratan  dapanda 
onl7  on  tha  pouar  output  of  tha  aapliflar  and  aarvo  aotor.  Bf  aaana  of  auoh  a aarvo  aT*t«  vary  aaall 
tranaaitt«"a  (aaall  foroaa)  oan  opanta  ralatlvaly  heavy  aaohanlaaa. 

lha  output  of  a oontrol  trannlttar  oan  alac  ba  raoordad  by  traoa  raoordarn  or  aagnatio  tape  data  ra- 
oordiiv  iyataaa  by  Inaartlny  a aynohro  oonvartar  aa  a ai^ial-oondltlonlaK  unit.  Savaral  typaa  of  auoh  oo»> 
vailara  froa  ^rnohro  output  to  tC  or  digital  are  ooaaarolally  available. 

In  a altdlar  aaiaiar  tw  that  <*.'ur1bod  for  torque  aynohroa,  tha  aua  or  dlffaranoa  of  tuo  anglaa  oan  ba 
tranaalttad  Br  ta;ti«  a oontrol  diffarantlal  trananlttar.  Thla  dlffarantial  tranaalttar  la  than  inaaHad 
bat  wan  tranaalttar  tranai'enar  aa  iriioun  xn  Bly.  4.B-5. 


«c 
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Fly.  4.B^  Control  VBohn>traaad.aalon  ayataa 


Fly.  4.^5  ContruA  ajiinhro  trananlaaton  ayatan  with  inacrtlon  of  a dlffarantial  tranaalttar 


4.2.4  Baaolvara 

Tha  olaadoal  function  of  a raaolvar,  aa  tha  nana  lapllaa,  la  to  raaolva  a vector  Into  ita  ooiq>oaanta, 
or,  In  other  uorda,  to  convert  voltagao  rapraaantlng  polar  oo-ordlnataa  Into  voltayaa  rapraaantiny  owt»> 
alaa  oo-ordlnataa. 

In  yararal,  tha  raaolvar  oonalata  of  a rotor  with  two  ooila,  wound  la  mpmom  quadrature,  and  a atator, 
alao  with  two  quadrature  ooila  (caa  Flga  4.^  and  4.S-7).  ttieryialnc  ona  rotor  ooll  with  a voltaya  I 1»- 
dttoaa  a voltaya  la  ona  atator  wlndli«|  thla  voltage  varlaa  aooording  to  the  alna  of  tha  rotor  poaltion 
angle  a.  Tha  voltage  induoad  in  tho  other  atator  winding,  «d>loh  la  In  apaoa  quadrature  with  raapaot  to  tha 
firat,  varlaa  aooording  to  tha  ooalna  of  tha  rotor  poaltion  angle  a.  The  two  outputa  are  thua  B aln  a and 
1 ooa  a (aaouaing  a unity  ratio  batwaan  rotor  and  atator  wlndinga),  idilch  are  tha  oo^Mnanta  of  tha  iiqiut 
vector  B.  In  thla  applioation  tha  aaoond  rotor  ooll  la  ahort-olrcultad. 
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Hc«  4*a-4  iMDlvar  M • ooBVWiar 
trm  polar  oo-ordlB«kaa 
lato  oaMaaltB  oo-orila«taa 


tha  voetor  raaolutlon  function  la  ravoralbla,  ao  that  if 
voltafaa  and  rapranantlng  vaotor  oonponantat  ara  applied 
in  tha  Inpttta  of  tha  roaolvar  (aaa  Fig*  4.^7)i  ^ha  oorraapond 
log  polar  oo-oidin«kaa  (■«  a)  oan  ba  obtalnad.  To  raallaa  thla, 
ona  of  tha  rotor  wlndlaga  la  oomootod  to  «n  aipliflor  and  a 
aarvo  aotor.  Thla  aotor  drlraa  tha  rotor  to  tha  poaltion  ahara 
aaro  aoltaga  appaaro  aoroaa  thla  winding.  Tha  othar  rotor  wln^ 
log  la  than  in  lino  with  tha  flux  axia|  tha  Induoad  voltaga  In 
thla  rotor  winding  la  proportional  to  tha  a^>lltuda  of  tha  al- 
tamating  fluX)  i.a.(  proportional  to 

»out-V^*^« 


Thla  woltaga  raprasaota  tha  aodulua  of  tha  polar  vaotor.  Tha  ahaft  poaltion  ropraoanta  tha  argunant  a 


of  tha  <>olar  voetor  • 

a m are  tg 


alvora  oan  alao  ba  uaad  in  oontrol  ayat«a 
axaetlp  Ilka  thoaa  daaorlbad  la  Saotlon  4.2.3.  Far 
auoh  ivplioadlona  tha  ualta  ara  rafarrad  to  aat 

- roaolvar  tranMlttarOi 

- roaolvar  diffarantlalai 

- roaolvar  oontrol  tranafomara. 

A>r  aoro  datalla  on  raaolvora,  aaa 
hifa  (B5)  and  (16). 
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Vlg.  4«^7  Roaolvar  aa  a oonvortar  froa  oartaoian  oo- 
ordlnataa  to  polar  oo-ordinatoo 


4.2.$  fcaoial  treaa  and  foiaa  of  aradhro  alaaanta 

To  aoat  roquiraaanta  for  whioh  noraal  afnohro  tirpoa  oannot  ba  uaadi  apaoial  tppaa  and  foiaa  of 
ohro  ilaBRBta  ara  awllabla.  Suidi  apoolal  tTpoa  oro  avallabla  for  oaaoa  whoro  an  axtiwaoly  high  aoouracy 
or  an  aatraaaly  high  Ufa  axpootanoj  la  roqul rod,  whoro  tho  avollablo  voluao  diotatoo  apoolal  dlaanaiona, 
or  wharo  only  a voip  low  driving  torquo  la  avollablo. 

■aahanioal  ■atlaawod  gmehroa  (dafa  (B5)  and  (17)) 

ft  Inorooao  aoourooj  of  a ^nwhro  aoaaiirlng  ^ratai,  a ooaroo  and  fino  indioation  apoton  oan  ba  ohoaan. 
Thla  laplioa  that  tho  tronadoror  oontalna  two  ^rnohroa  in  ona  houaing,  ona  of  tdiloh,  tho  flno  aynohro, 
aatao  ■ rovolutiona  for  ona  rovolution  of  tho  ooaroo  aynohro,  .dtoro  I io  tho  ratio  of  tho  aoohanioal  goar- 
lag  batwoon  tho  two  qmohro  ohafta. 

Xn  gonaral,  tha  aoearacgr  that  oan  bo  obtalnad  with  auoh  ^atwa  la  about  3 ainutoa  of  aro,  dotorlorat- 
ing,  howovor,  with  woar. 


(Rofa  {Vi'S  and  ^1711 


Thla  aynohro  typo  haa  alao  boon  dovolopod  to  aoot  high  aoouraoy  roquirononta.  It  oontalna  two  aopara- 
to  aata  of  wiadlngo  on  tho  nuMon  ooroa  of  both  rotor  and  atator,  Ona  aat  of  uindinga  ftho  "2-pola  aoo- 
tionf ) la  arrangad  aa  in  a nonal  ^rnohro  tmnanittor.  It  produooa  tha  noxoal  output  oycla  of  a aynohro. 
Tha  othar  not  of  windlngn  (tha  "aultl-polo  aootlon*)  ia  ao  arrangad  that  tho  output  voltagoa  produce 
aavorol  aynohro  output  oyolaa  fbr  ona  rovolution.  In  ng.  4.2-8  thoaa  outputa  aro  ahown  for  an  olovon-to- 
ona  radio  batwoon  tho  agmohro  apaoda. 

doonraeion  of  up  to  10  aacondo  of  aro  oan  bo  obtalnad  with  thia  ayatoo.  A diaadvantago  ia  that  gonoi^ 
all*  alightljr  largar  houaiaga  aro  roqulrod. 


A TiatriTti  ia  tha  daalgn  of  atandard  agmohroa  ia  tho  brualw-allprlng  Intorfaoo,  noooaaary  for  tho 
olootrio  rotor  aonnaotioaa.  l^MOially  tho  Ufa  oxpectanoy  ia  United  by  thia  component,  because  it  ia 
liabla  to  oanhani nal  wear  and  datoriorating  olaotrioal  oontaot.  Hhrn  long  life  expectancy  is  required, 
biuabloao  rynohroa  aag  aolvo  this  problon. 


I MM.I  UCTKM 


M BAI  ■ UrTlAM 


no  tTPM  of  bruaucM 
ohroB  UB  dMoxlM  b«low,  vit*t 

- tlM  BlBOtrOMCMtlO  typ* 

- th«  halrapriog  typ*. 

Anothor,  vary  bpboIbI  teitab- 
lOM  ^raohro,  tba  ao-oBUBd  ”^r)^ 
ohrotal",  will  b«  dcBorlbad  In 
SBOtloa  4*2.6» 


flg<  4*2>6  ftitput  woltagM  for  om  molutlon  of  tho  ahoft  of  «n  olo^ 

trloal  olruw  ipood  iyaolua  (only  oim  phMo  of  oaoh  output  PR9M9I 

la  itewn)  Thia  lynohro  uaaa  a rotary 

traaafomar  aa  a aaana  of  voltaga 

or  mmnt  tranafar  to  tha  rotor,  thla  aathcd  allowa  oontlBuoua  rotation  of  tba  ^mohro  avan  at  ralotlvaly 
blgh  apaada*  TIm  traiiafbrMr  haa  aoM  affaot  ot4  parforMiwa  oharaotarlatloa.  auoh  aa  lapadanoa  laval. 
phaaa  ahlft,  and  Influanoa  of  taaparaturo,  ao  that  thay  ara  ganarally  not  dlraotly  Intarohangaahla  with 
noxwl  typaa  of  aynohroa. 


If  a aynohro  la  raqulrad  to  oparata  within  a llaltad  az^ular  diaplaoaaant  ranga,  tha  oonnaotiona  to 
tha  rotor  wiadli^  oan  ha  aarda  through  flaxihlo  laada  or  halmprlnga.  Tha  unit  la  noraally  auppllad  with 
■•ohanioal  atopa  to  pravant  daaaga  to  tha  halraprlnga  dua  to  azoaaalva  ahaft  rotation.  Oanarally,  tha  to- 
tal awwoMait  la  ahout  360^|  howavar.  aowaaauta  of  600^  ara  poaalhla  In  opaolal  typaa. 

Tha  advantaga  of  a halrapring  aynohro  ovar  an  alaotroaagnetio  bruahlaaB  aynohro  la  that  aleotrioal 
paroMtara  ara  not  influanoad.  Thaaa  qrnohroa  oan,  tharafora,  ganarally  ha  Intarohai^ad  with  aonaal  ayn- 
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Tranwinii  tatfi  CM)  uA  tk)} 

Th*  tranaolwr  !■  • iip«oi«l  typ*  of  r«aolv*r<  km  ahoMB  in  Fig*  4*^10  it  i*  •■Mnilolly  o nomnl  ayn- 
ohro  oontrol  tnnnforaar  with  » Moond  rotor  winding  wound  in  spnoo  quadratur*  to  tha  aain  winding. 

n^o  tranaolvar  ia  uaad  in  agratana  whara  it  ia 
daalrahla  to  oonvart  thra»-wira  data  to  foux^wlra 

data. 


?l«.  4 •2-10  Intamal  wiring  diagran  of  a 
tranaolvar 


CYLINOaiCAL 

coaK 


4.2.6  AC  nya9hr?imi  .KtiiaMi 

aroohrotaL  (Jafa  (Bl)  and  09)) 

Tha  aynohrotal  (a  aanufaoturar’a  trada  airk)  ia 
a gynehro  that  oan  function  aa  a vary.-loia-torqua 
oontrol  tmaafomar  or  aa  a tranaaittar. 

Fig.  4.^11  ahowa  an  axplodad  viaw  of  thia  da- 

vioa.  A aingla-phaaa  winding  ("atationai7  rotor  ooil")  mrrounda  tha  oyllndrioal  oora.  Tha  atator  ia  of 
tha  oonvantional  thraa-phaaa  a^nohro  typa  and  alao  aurrounda  tha  oora.  Tha  rotor  oonaiata  of  an  ohlicjua 

aaotion  of  a hollow  cgrllndar  attaohad  to  one  and  of 
tha  rotor  ahaft.  Tha  obliqua  aaotion  rotataa  in  tha 
olaaranoa  batwaan  tha  oora  and  tha  two  ooila.  Tha  ro- 
tor ia  nada  of  alualnua  and  haa  a vargr  mil  wal^t. 
Aa  thara  ara  no  bruahaa  and  no  alaotrioal  raaotion  at 
tha  null,  tha  poaitionlng  torqua  nead  only  ovarooae 
tha  friction  of  tha  baaringa. 

In  operation  aa  a oontrol  tranafomer,  tha  ata- 
tor windinga  ara  axoitad  with  alternating  voltagaa, 
whioh  produoa  a radial  altamating  flux.  Tha  portion 
of  thia  flux  that  linka  tha  alvninun  ainglo-tum  loop 
rotor,  indttoaa  a currant  in  thia  loop,  whioh,  in  turn,  preduoaa  an  axial  ooaponant  of  altamating  flux  in 
tha  cylindrloal  oora.  Tha  flux  in  tha  oora  induoaa  an  altamating  voltage  in  tha  atatlonaxy  rotor  winding 
with  an  anplituda  that  ia  a alnuaoidal  function  of  tha  relative  poaitiona  of  the  rotor  and  of  tha  atator 
radial  flux. 

Tha  lo«^lnaxtia,  low-friotion,  novabla  alanant  can  be  coupled  to  neohanlBaa  whioh  oan  only  be  light- 
ly loaded,  to  oonvart  rotary  novanant  into  an  AC  output  aignal  with  tha  relatively  high  degree  of  accuracy 
of  about  1°.  Tha  unit  la  uaad  for  tha  naaBurenant  of  diaphraffY  and  ballow-diaplaowant  in  aircraft  prea- 
aura  tranaduoara,  altiaatera,  airapaad  tranaduoara,  ato.  In  principle,  it  ia  poaalble  to  uae  tha  elanent 
in  poaltion  tranaduoara,  aapaoially  whan  extranaly  mmII  driving  torque  ia  available. 

Tha  lynobrotal  haa  loat  ita  iaportanoa  ainoa  aiaplar  and  acre  accurate  low-torque  tranaduoara  have 
baocne  available. 


CAse 


"aoToa  COIL" 
(STATIONAWY) 


ITATOa 


KOTOR 


Fig.  4 • 2*11  Sxplod^  V16W  of  Ik  vynohro't^l 


ISUl 

Thia  ia  a ayatan  with  a thrae-phaaa  atator  and  a parmanant  aagnat  rotor.  In  a direct-lndioatlng  ayaten 
the  tranaU.ttar  and  raoaivar  ara  Idantioal  and  are  Interoonneoted  aa  ahown  in  Fig.  4.2-12. 

The  theory  ia  aoaewhat  involved.  It  in  baaed  on  tha  princi- 
ple that  hamonio  voltagaa  ara  induced  in  a ooll  placed  in  a aa- 
turated  field  generated  by  a alnuaoidal  aupply  power'.  If  the  ro- 
tor of  the  raoaivar  la  not  oorreotly  aligned  with  that  of  the 
tranaaittar,  haraonlo  ourrenta  will  flow  between  the  tranaadtter 
and  tha  raoalver  that  tend  to  bring  the  two  rotora  into  correct 
alignaent.  When  thia  takea  place,  the  aaae  even  haraonlo  voltagea 
will  be  induced  in  the  tranaaitter  and  receiver  atator  ooila,  and 
the  flow  of  haraonlo  current  oeaaea.  Due  to  the  aaall  value  of  tha  aiaallgnaent  torque,  jewelled  pivota 
are  uaed. 

Owing  to  the  very  aaall  reactive  torque,  aagneaynn  ham  in  the  paat  been  uaed  in  airspeed,  rate  of 
cliab,  coapaaa,  altitude,  and  fuel  flow  inatruaenta.  The  accuracy  of  the  ayaten  la  not  very  high  (4O.5  d»- 
graa).  Tha  uae  of  thia  type  of  aynohro  as  a position  transducer  for  flight  test  purposes  need  not  be  con- 
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AC  SUPPLY 
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Fig.  4 • 2*12  lystm 
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■id*r«d  further*  The  eaM  erfuaenta  ea  thoae  ■antioned  under  ^rnohrotela  elao  avply  to  aacneuTne*  The 
auadllahillty  of  eodam,  aoru  eooureto  low-torque  treaaduoera  here  deffreded  thee  to  devloee  of  preotloelly 
no  laportanoe  for  fllcht  teat  purpoaea. 

4.2.7  fceolal  DC  mohioaoua  mnXm 

Fl|.  4.2-13  ahowB  the  heaio  DC  egrnohronoua  ayatea.  The  trenadurer  oonteina  e uniforaljr  wound  toroidal 
realatanoe  with  three  equally  apaoad  tapa  over  whloh  a hnieh  aaaaebljr  rotataa.  Thla  hruah  aaaaahlj  appliea 

the  DC  voltage  to  tha  realatanoe  at  two  dlaaetsicallir 
oppoaed  polnta.  n>e  Indicator  haa  three  coIIbi  coi>- 
neoted  In  atar  and  wound  luj  a aoft  Iron  atator.  Tbeaa 
colla  are  oonnected  to  the  tapa  of  the  tranaalttar. 

In  the  atator  a panianent  ma^eti  to  which  the  Indi- 
cator pointer  la  attached,  can  rotate  fieuiy.  Hia  ro- 
tation of  the  hruah  aaaaebly  ohangea  the  ovrrenta  in 
the  three  oolla  and  tharebgr  tha  dlrertion  nf  tha  re- 
aultant  Mcnatio  field  and  that  of  the  pointer,  ipart  froa  a alight  cgrcllc  error,  there  la  aynchronlan 
between  the  brueh  rotation  In  the  traaeduaer  and  tha  pointer  rotation,  which  la  within  wide  llmita  Inde- 
pendant  of  the  eagnitude  of  the  DC  power  auppljr.  More  details  on  the  qyatan  airs  given  in  Ref.  (12). 

The  iiTataM  la  intended  azoluaivaljr  for  dlreot  indloatlon.  A ajrstaB  already  preaent  in  tha  aircraft  aa 
atandard  equlpMnt  for  nonal  operation  can  he  tiqiped  without  ^;preciably  influenoing  the  naaauring  acou- 
raogr,  ao  that  a aeoond  indicator  car  be  connected  for  application  in  a photo-panel  recorddr  for  flight 
teat  purpoaea.  Aie  algnal  ia  not.  however,  directly  uaable  in  tape  recording  aysteDe  and  can  alao  not 
easily  he  converted  into  a auitahle  font  for  thia  puipoae.  ^r  amall  parta  of  the  Beaauring  range  of  the 
transducer,  the  varying  voltage  between  two  taps  or  a t^  und  ono  of  the  brushes  can  acaetinwa  be  useful 
aa  a "poor  man'a  solution"  for  certain  measuring  problems  in  which  accuracy  requirenents  are  low.  These 
voltages  are.  however,  not  single-valued  for  one  complete  revolution,  so  that  the  output  is  only  usable  if 
tha  aeasuring  range  of  interest  falls  within  a non-reversing  part  of  a voltage  versus  poaltion  curve. 

Further  disadvantages  are  thoae  considered  in  Chapter  3.0  about  potentiometers,  to  which  this  ayatem 
la  somewhat  related. 

4*3  Chareoteri sties  of  aaraohroa 

In  thla  section  a number  of  typical  synchro  oharact-ristics  connected  with  accuracy  and  auitabiiity 
for  application  in  poaltion  tranaducers  for  flight  teat  purpoaea  will  be  considered. 

The  resolution  of  synchros  is  infinite,  i.e..  even  the  amalleat  displacement  of  the  operating  ahart 
produces  a measurable  change  in  output. 

Defining  the  ia  a necessity  for  all  types  of  transducers  for  reasons  of  unifonnity  and 

Interchangeahlllty.  For  devices  with  end  stons.  one  of  the  stopa  is  generally  chosen  as  the  zero  position. 
Beoause  aynohros.  generally,  are  devices  that  can  rotate  over  more  xhan  360°  and  do  not  have  aity  end  stops, 
it  is  neossaaiy  to  define  the  sero  position  in  s different  manner.  The  zero  position,  or  electrical  zero 
is  defined  differently  for  each  synchro  type.  It  is  always  a rotor  position  where  a specified  out- 
put winding  gives  a ninlmum  voltage  when  the  noninal  power  and  frequency  is  supplied  to  a specified  wind- 
ing. nie  methods  for  deteinining  these  points  are  internationally  noraalized  and  specified, for  instance, 
in  Refs  (4).  (6),  (15)  and  (20).  Some  manufauturers  Irxllcate  the  '.ocation  of  electriced  zero  by  a uark  on 
the  shaft  which  must  be  aligned  with  an  arrow  stamped  on  the  housing.  This  is  only  meant  aa  a rough  Indi- 
cation of  electrical  r.sro  and  io  Intended  to  aid  in  defining  the  right  null  when,  as  is  generally  the  case, 
two  mlnimuffl  voltages  appear  at  shaft  positions  130  degrees  ^part  (differing  only  slightly  in  amplitude). 

The  mlnintum  output  signal,  called  the  null  voltaae.  is  always  a quadrature  voltage  and  is  generally 
less  than  about  30  mV  for  types  with  an  excitation  voltage  of  26  V and  less  than  100  mV  for  types  with  an 
excitation  voltage  of  115  V. 

Before  discussing  the  linearity  error  of  a synohro,  it  la  neoesseiry  to  define  the  "electrical  posi- 
tion" of  tha  synchro  rotor.  The  electrical  position  of  the  rotor  relative  to  the  stator  is  defined  by  a 
set  of  eleotrlcal  output  voltage  ratios  corresponding  to  the  fcrmulae  for  an  ideal  synchro  of  the  type 


REceivta 


Fig.  4.2-13  Principle  of  the  DC  aynohronous 

^ratsm 
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oonsld»r«d. 

For  nom&l  aytiohiOB  these  foranilee  ere  given  in  Seotion  and  for  resolvers  they  ere  given  in 

Section  4.2.i. 

Synchro  linearity  in  defined  es  the  differenoe  hetween  the  eleotrioel  position  angle  corresponding  to 
the  output  voltage  ratios  and  the  actual  rotor  position  angle.  It  is  detenained  in  a oalihration  prooess 
that  starts  at  the  electrical  sero  point  and  oontinuea  with  steps  of  generally  5 degrees  until  a oonplete 
revolution  is  aoooaplished. 

A typical  eleotrioal  error  ouive  is  shown  in  Fig.  nomal  control  synchros  the  maximum  lin- 

earity error  is  about  ^ min.  of  arc.  Special  types  oan  be  more  accurate  (to  about  + 3 minutes  of  arc). 

The  aocuracv  depends  on  eleotrioal  error,  meoha- 
nioal  perfection,  and  suoh  charaoteristioe  as  phase 
shift,  tradsformation  ratio,  impedance,  etc.  The 
accuracy  of  a normal  control  aynohro  transmitter  (when 
measui'-ed  by  an  ideal  measuring  system)  is  of  the  order 
of  7 minutes  of  arc,  idiioh  corresponds  to  0.03  ^ of  a 
full  rotation.  For  special  synchros,  even  higher 
accuracies  are  claimed.  The  overall  accuracy  of  a syn- 
chro measurement  also  depends,  however,  on  the  other 
elements  in  the  synchro  chain. 

The  accuracy  of  a toniue  system  with  a direct  indicating  pointer  instrument  is  generally  not  better 
than  1°.  To  achieve  high  accuracy  in  a torque  system  it  is  impoxtant  to  have  a high  torgugjjradient,  that 
is,  the  torque  per  degree  misalignment.  'Hie  relationship  between  misalignment  and  torque  ia  non-linear, 
but  up  to  about  10  degrees  misalignment  it  may  be  regarded  as  linear. 

A synchro  chain  consisting  of  a control  transmitter,  a control  transformer,  e servo  aiq>lifler,  and  a 
servo  motor  can  have  an  accuracy  of  10  minutes  of  arc.  With  niultispeed  synchros,  accuracies  of  about  20 
seconds  of  arc  oan  be  obtained. 

The  accuracy  of  a aynohro  chain,  containing  a synohro-to-digital  or  a synohro-to-BC  converter  ideo 
depends  on  the  characteristics  of  the  chosen  converter.  Normal  converters  have  aoouraoies  of  about.  4 ^ to 
^15  minutes  of  arc,  when  used  for  quasi-steady  mefuturements  at  speeds  up  to  sos'  hundreds  of  degrees  per 
second,  whereas  more  sophisticated  converters  can  have  accuracies  of  42  sdnut  ' arc  under  these  circum- 
stances. For  accurate  meEMurements  at  higher  shaft-rotation  speeds,  up  to  somt.  tnousands  of  degrees  per 
second,  speciEtl  rate-compensated  converters  are  available  (Ref.  (2l)). 

Resolvers  are  generally  slightly  more  accurate  than  control  synchros. 

In  many  manufacturers'  specifications,  the  term  voltage  gradient  Is  used.  This  quantity  can  be  de- 
fined as  followss  The  voltage  gradient  of  a synchro  is  the  output  voltage  per  unit  of  angular  displacement 
Eiround  the  electrical  zero  position.  It  is  expressed  as:  voltage  grEidient  — volts  at  max.  coupling  multi- 
plied by  sin  1°. 

A typical  value  of  voltage  gradient  is:  0.2  volts/degree  for  synchros  with  an  output  voltsige  of  11.2  volts 
at  max.  coupling. 

The  power  rating  of  normal  types  of  synchros  for  flight  test  purposes  (sizes  8 to  1$)  varies  from  0.1 
H to  1 H,  depending  on  the  size  and  function.  Control  elements  and  resolvers  generally  have  lower  ratings 
than  torque  elements  of  the  same  size. 

The  tesroerature  range  within  which  normal  synchros  may  be  used  is  from  about  -6o°  C to  4100°  C.  At 
higher  temperatures  brushes  often  cause  diffi  ties.  Special  types,  for  instance,  the  brushless  types, 
oan  be  used  at  higher  temperatures  up  to  about  300°  C. 

Changing  the  connections  of  three-wire  aynohro  systems  will  result  in  a shift  in  the  electrical  zero 
or  in  a reversal  of  the  shaft  rotation  of  the  receiving  element. 

HormEdly,  synchro  elements  are  connected  in  a standard  way,  for  which  purpose  the  terminals  are 
marked  with  normalized  indications  (see  Section  4*4).  Especially  with  cEaibrated-scale  indicators,  it  is 
essenticd  that  tlie  mEtnufacturer's  instructions  concerning  the  connecting  method  be  followed  strictly  in 
order  to  ensure  meEUiingful  indications. 


Pig.  4*3-1  l^icEd,  error  curoe  for  a control 
synchro  transoiitter 


ao 


In  » slivl*  iBAioKklac  vratw  oaMlatiag  of  » toxiiao  tnnaiittor  (pooiilon  tronadnoor)  oal  » tor^uo 
rooolw  (dlraot-iadioatiac  poiator  Inatruawit  ),  rovonioc  rotor  oaoBootloiw  in  oithor  tho  trona- 

Bittor  or  tko  roooivor  owmoo  » ahift  in  tho  iodiontioa  of  180^«  Hhon  tho  throo  ototor  oonnoetlona  aro 
cvolioally  ohoBfodt  a ridft  of  120^  or  240^  roaalto|  Intorttfioi^i^  two  of  tho  throo  ototor  ooBBootiona  ro- 
onlto  in  Ml  oppooito  dlrootlon  of  tho  polntor  rotation. 

Hhon  «dioiifiiit  two  of  tho  throo  otator  oomiootioao  in  a olreuit  with  a difforontial  ojBohro,  tho  mm 
inotoad  of  tho  difforanoo  of  two  angloo  will  ho  ooaourodt  or  vioo  waroa. 


4.4  awwhro  oodiao 

Ibo  following  dooignationa  for  tho  difforont  opnohro  olaaonta  aro  intomationalljr  aocoptad  (Bof.  (6)). 


Tahlo  4*4-1 

Standard  dooignationa  of  qrnotaro  oltBonta 


To  fhrthor  diotlngulah  tho  ajnohro 
olMWta,  a glpndoTd  ooda 

arwtao  (Rafo  (4)  and  (6))  ia  gonorallir 
aoplopod,  which  givoa  infoxoation  about! 

- oiao  (for  inatanoo  11|  1^,  I8, 
oto.) 

- function  (for  inatanoo  TRXt  C^i  RC| 
etc.) 

- froquoncy  (4  • 4OO  Hi{  5 ■ 30  Ha) 

- doalgn  nodifioation  (roprosentod 
bp  cno  letter  a,  b,  c,  etc). 

Tho  2iBS_miabor  roproaenta  the 
aaziBun  outaide  diaaeter  in  tontha  of 
inohea.  Fractiona  of  tentha  of  inchea 
aro  rounded  to  the  next  higher  tenth. 
For  inatanco»  a qmchro  with  a diaaeter 
of  1.08  inch  ia  deaignatod  aa  an  li- 
aise ^mohro.  Moat  coaaonly  uaod  aisoa 
for  ajmohro  eleaenta  tiaed  in  flight- 

teat  work  aro  also  8 and  aise  11.  For  exaaqilei  the  t^e  niaber  11  TX  4b  ia  given  to  an  11-aiae  torque 
tranaaittar  for  4OO  Ha  use,  which  has  boon  modified  once  since  the  original  design. 



Circuit-diagram  aymbola.  In  circuit  diagrams  a simpler 
ajmibol  than  those  given  hitherto  is  often  used.  The  sTobol  ia 
noimalised  and  haa  two  concentric  circles,  the  inner  repre- 
senting the  aynohro  rotor,  the 
outer  the  aynohro  stator.  The 

i 


aynohro  slaasat 

designation 

torqus  tranaaittar 

TX 

torque  receiver 

TR 

torque  receiver  (also  usable  as  torque  tranaaittar) 

TRX 

torque  differential  tranHitter 

n)  (or  TDX) 

(torque)  differential  rsoeiver 

SR 

oontrol  tranMittar 

CX 

control  transformer 

CT 

oontrol  transformer  (also  usable  as  oontrol 

traaam.'tter) 

CX/CT 

oontrol  differential  tranaid.tter 

CD  (or  CSX) 

reaolver  aynohro 

RS 

resolver  tranMittor 

RX 

reaolver  oontrol  transformer 

BC 

resolver  differential 

RD  (or  CSS) 

tranaolver 

TT  (or  css) 

AC 

HIAPLV 

Fig.  4*4-1 
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Torque  tranamission  system 


«c 
rniafLY 


^ 

olii 

1-  1 

Fig.  4*4-2  Torque  tranamission  aoratem  with  differential  tranvittor 


*00T 


Fig.  4.4-3  Rasolvar  in  a ayatea  for  transforming  Carteaian 
oo-ordinatea  into  polar  oo-ordinatoa 


aynohro  function  is  indicated  by 
the  standard  designation  (given 
in  Table  4*4-1) which  is  placed  in 
the  centre  of  these  circles  (see 
below).  Xoimalisod  indioationa 
■*«  .ij,  Hg,  Rj,  R^  for  rotor 
connections  and  S^i  S^, 
for  stator  oomiaotiona.  For  ele- 
ments With  flying  leads,  wire 
Identification  in  often  realieed 
by  a normalised  oolour  code,  de- 
scribed in  manufacturer's  speoi- 
floationb  (Ref.(lO)). 

The  Figa  4*4-1  to  4*4-3  give 
examples  of  practical  tq>pli ca- 
tions of  this  symbol  ayatem. 


a 


so  J| 


Xataotiwi  >yt  — fbr  poaltlon  — uriwtiit  w*  MMBtialljr  AC  aya>t«M  in  wbloh  -th*  Muurand  ia  oo»- 
vartad  intoi 

a)  a ehaaga  in  ilta  aalf-induetanoa  of  a aincla  ooil, 

b)  an  AC  aoltaca  ohanca  tgr  ohansiac  tha  ralnntaaea  path  or  tha  raluotivity  botwaan  tao  or  aora  coila, 
with  AC  azoitation  appliad  to  tha  ooil  i7at«a. 

Balvotivity  oan  ba  dafinad  an  tha  aaaaura  of  tha  ability  of  aagnatie  aatarial  to  oonduct  nacnatio 
flue*  Balucrtanoa  in  a aagiatio  oirottit  ia  ooaparabla  to  raaiatanoa  in  an  alaotrio  oirouit. 

TariaUa-ralootanoo  yatia  ara  awiatiaaa  known  undar  tha  naaa  variabl^paraaanoa  ajratau.  Ptmaanoa 
in  dafinad  aa  tha  raeiprooal  of  raluotanoa. 

In  aona  aamiala  only  tha  hfataiw  indioatad  undar  a)  ara  oallad  induotiva  afn*«M.  Thoaa  indioatad 
undar  b)  ara  than  oallad  raluotiaa  tmnaduoara.  In  noat  nanufaerturard*  proqpactuaaoi  on  tha  othar  handt 
both  groupa  ara  unitad  undar  tha  titla  of  induotiva  ayatM.  Ibia  ganario  tax*  waa  uaad  in  thia  ohaptar. 


S2  traaa  of  induotiva  armimm 

lhara  ara  aavaral  waya  to  ohanga  tha  inductanoa  of  a coil  or  to  influanoa  tha  voltaga  output  of  a 
agratan  with  two  or  nore  ooila*  Iha  following  typaa  of  induotiva  ayatana  will  ba  diaouaaadt 

a)  linaar  variabla  diffarantial  tranafonara  (LVDF*b) 

b)  rotazy  variabla  diffarantial  tranafonara  (SVnr*a) 
o)  induotiva  ^ratana  with  ona  coil 

d)  induotanoa  brldgaa 

a)  ayatna  with  ^ahipad  piok-off  coraa 

f)  nioroayna 

Of  thaaa,  the  linaar  and  rotaxy  variabla  diffarantial  tranafonara  (aaa  Fig.  3.2-1)  ara  tha  noat 
widely  uaad  for  flight  teat  puipoaaa.  They  will  diaouaaad  nthar  artanaivaly  in  Saotiona  3.2.1  and 
3.2.2.  Tha  othara  ara  laaa  iaportant  and  ara  dlac'-aaad  briefly  in  Saotiona  3.2.3  to  3.2.6. 

Synohroa  ara  aonatlaaa  alao  olaaaifiad  aa  inductive  ayvteaa.  In  '’^bia  paper  they  are  diaouaaad 
rataly  baoauaa  of  their  apaoiflc  oharactariatica. 

Induotion  potantionatara  ara  deaorlbad  in  Section  4.2.3  under  tha  naaa  "linear  aynchroa”.  Klactronag- 
natlc  and  elactrcdyttaaic  ayatana  will  not  be  daacribad  ia  thia  papar,  baoauaa  thaaa  aelf-ganerating  d»- 
vioaa  are  not  aultabla  for  atatic  poaitlon  naaauranant. 

3.2.1  Linaar  variabla  dlffaran- 
tial  tranafonar  (LVDT^ 

The  linear  variable  differ- 
ential tranafonar  oonaiata  of 
an  AC  axcitated  priaazy  ooil  and 
two  identical  aeoondaxy  coila  on 
a non-oontaoting  nagnatlc  ooz*e 
aa  ahown  in  the  cutaway  view  of 
Fig.  3.2-2. 

The  two  aeoondaxy  coila  are 
oonnaotad  in  aariaa  in  auoh  a 
way  that  when  the  core  ia  iu  tha 
centra  between  tha  two  aaoondax.- 
iaa  their  voltage  output  la  aero. 
In  that  altuation  tha  voltagea 
induced  in  the  two  ocila  ara  eiiual  and  180”  out  of  pbaaa.  Vfban  tha  oora  ia  noved  away  froa  the  centra  po- 
aition  tha  nutual  inductance  of  the  prlaaxy  coil  with  one  aaocndaiy  ooil  inoraaaaa  and  with  tha  other 
oaoondaxy  ooil  daoraaaaai  due  to  tha  chaise  in  the  raluotanoa  patha.  nie  induced  voltagea  are  no  longer 
equal,  and  an  output  voltaga  ^>peara.  For  diaplewananta  within  tha  apacifiad  neaauring  range,  thia  voltage 
ia  a linear  function  of  the  oora  poaitlon,  aa  ahown  in  Fig.  3*2-3. 


aoTAav  TYPE  LMiaa  rvra 

Fig.  3 .2-1  Typical  rotary  and  linear  variahla  diffarantial 
tranafonaars 
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W».  5 .2-2  Cutaway  viw  of  an  LVOT 
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ng.  3«2-3  Voltaga  output  as  function  of  core  position 
for  an  LVIT 


Conoaniing  tha  nanoar  in  whioh  tho  oon- 
neotiona  batuaan  both  aaoondazgr  ooila  ara 
raaliaadi  thara  ara  thraa  poasibilitiaa,  as 
indioatad  in  ng.  3>2-4*  In  Kg.  3.a-4a  tha 
oomaotion  batuaan  tha  two  aaooadariaa  is 
Mda  within  tha  tranaduoar  and  only  a two- 
wlra  output  ia  avallabla.  Thia  oonfiguzation 
ia  aaldon  ig^liad,  as  it  hii^ily  rastriota 
tha  ohoioa  of  fbrthar  links  in  tha  saasuring 
ohain.  Tha  onnfigurati  m in  Fig.  3.2-4b 
sakas  it  poasibla  to  usa  apaoial  saasuring 
aystans  which  ara  baaad  on  tha  saasurenent 
of  tho  diffaranoa  betwaan  the  two  ooil  volt- 
agaa.  Such  ^ritass  have  oartain  ailvantagas 
in  aoaa  oasaa.  Fig.  3.2-4o  giwaa  tha  most 
univaraal  oonfigurationi  wharo  both  sooonda- 
zy  ooila  have  two  output  oonnaotions.  For 
nomal  usa,  tha  two  aaoondaty  ooila  will  ba 
oonnaoted  diffarantially,  i.o.,  180^  out  of 
phase  with  «aoh  other,  as  ia  done  internally 
in  situations  a and  b.  Connecting  both  aeo- 
ondary  ooila  in  sariea  (in  phMa)  gives  an 
extra  possibility  to  test  tha  tranaduoar,  m 
in  this  situation  a oonatant  output  aniat  ba 
obtained  over  tha  idiole  measuring  range,  r»> 
gardless  of  tha  core  position.  Fault  loca- 
tion ia  made  auoh  easier  bf  this  feature. 

Beoauaa  thara  is  no  physical  contact 
between  tha  core  and  the  coils,  the  VTOI  is 
nearly  friotionlass.  The  only  friction  is 
oauaad  by  the  fact  that  the  core  has  to  ba 


h c 


Fig.  3*2-4  Output  configurations  of  variable  differential  trsnsfomer 

guided  within  tha  ooila  by  ceohanioal  bearings.  ?he  life  expectancy  of  this  ayatein  is  therefore  very  long. 
Other  advantages  of  the  aymtem  are  infinite  resolution  and  generally  high  sensitivity  (high  voltage  output 
for  relatively  snail  displaoeaients)  and  tha  fact  that  priisaiy  and  secondary  windings  are  fully  isolated 
from  each  other,  so  that  they  oan  be  grounded  separately. 

A recent  davalopnant  is  the  IX!  operated  LVhT,  in  which  an  oscillator,  generating  a fre<iuency  of  some 
kHs,  is  incorporated  in  the  transducer  case.  Then  generally  a demodulator  and  a IX!  asplifier  are  also  in- 
corporated in  the  ease,  so  that  a real  in  - DC  out”  sensor  is  obtedned.  Fig.  3*2-3  is  a block  dlagraa 
of  such  a device. 

Nora  details  on  linear  variable  differential  transfonnars  are  given  in  Refs  (22),  (23)  and  (24). 


Fig.  3*2-3  Block  diagram  of  a DC  operated  LVDT  with  DC  output 
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$>2>2  Batairr 


TIm  rot«i7  wiftU*  41ff«r«rtlal  tnaaafbfMr  la  in  pvlnolpla  aLallar  to  tha  llaaar  variaUa  dlffara»- 
tial  tranafoiaart  tha  ■adMBioal  arringaaawt  of  oolla  aad  oora  lai  kowaaar,  dlffaraHti  aa  alMna  la  fi«. 
5*2-<*  Thla  dairloa  la  prafaraUjr  aaad  la  oaaaa  ahara  It  la  aora  oeavaalaatt  to  kaaa  a Ntatlof  trawaiuear 
to  aolaa  tha  aaaaaiK^p  problaa. 

Xa  aa  tVDfi  tha  oora  la  oarlol^ahapad  ao  aa  to  fat  a llaaar  output  aoltaaa  for  a wlda  raaga  of  aag»- 
lar  dlqplaoaaaata  40^).  Fl(.  5«2-'i  gluaa  tha  output  aa  a fuaotlon  of  aacular  dlaplaoaaaat.  IVOr'a  ara 
alao  aaallahla  aa  "SC  la  - SC  out*  traaaduoara. 

Mora  iatalla  oa  rotaxy  aarlahla  dlffaraatlal  tranafo/aara  ara  clvaa  In  Bafa  (22)  and  ^ 


fig,  ^>2-6  Maohanloal  arranfaaaitt  of  oolla  aal 
oora  In  aa  RVET 


5.2.3  latuctlva  arati^  with  ona  cell 

In  tiaaaduoam  of  thia  typof  tha  aaaauraad  la 
ooavartad  into  a ohai^  of  tha  aalf-laduotanoa  of  a 
alafl*  ooil.  Thla  la  uaually  affaotad  tgr  tha  dla- 
plaooMBt  of  a oora  ahloh  la  fraa  to  aova  within  a 
fixad  ooll.  nia  ooll  oan  ba  uaadi 

- in  an  lapadanoa  brldca 

- In  an  LC-oaoillator  circuit. 

When  uaad  In  aa  lapadanoa  brld^,  tha  Induot- 
aaca  of  tha  ooll  ia  ooaparad  with  the  induotanoa  of 
a rafaranoa  coll.  Two  raaiatora  ooaplata  the  bridfat 
idilch  ia  aroitad  with  an  altamatiug  currant  (aaa 
Tig.  5.2-8).  The  output  of  tha  bridg:>  ia  ganarally 
aaplifiad  and  then  daaodulatad  In  a phaaa  aanaitiva 
oirouit  to  obtain  a SC  output,  lha  rafaranoa  coil  la 
uBually  Bountad  within  the  tranaduoar  caae  to  reduce 
undaalrabla  affect a due  to  long  oonnaoting  laada. 

When  uaad  In  an  LC-oaoillatori  a capacitor  ia 
oonnaotad  in  parallel  with  the  coil.  4 change  in 
aelf-inductanca  then  cauaea  a change  in  tha  fraquai^ 
oy  of  tha  output  aignal. 

5.2.4  Inductance  bridjtaa 


Pig.  5.2-7 


Output  voltage  aa  a function  of  s'laft 
rotation  for  an  RVST 


OUTPUT 


Theae  ara  ajratean  where  the  oora 
oan  aove  within  two  fixed  oolla . ao 
arranged  that  when  the  core  poaition 
change8|  the  induotanoa  of  one  ooll  In- 
creaaeai  while  the  inductance  of  the 
other  coil  decreaeea.  Such  ayatena 
give  twice  the  output  of  the  ayatam 
deacrlbed  in  Section  5* 2. 3.  idiioh  haa 
one  coil.  The  aeaaurlng  circuit  can  be 
aliallar  to  that  of  Fig.  5«2-8,  the 
aeoond  coil  replacing  the  reference 
coll. 

The  principle  oan  be  uaed  for  llnecu*  dlaplaoeaenta  aa  well  as  for  rotary  poaition  meaauranent.  In  the 
two  oaaea  the  arrangenent  of  the  coila  and  the  shape  of  the  core  differ  (see  Fig.  5.2-9). 


Fig.  5*2-8  Bridge  oirouit  for  4C  transducers  with  one  coil 


Fig.  5-2-9  Inductance  bridge 
transducers  for  linear  and 
angular  position  measurement 
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$.2.9  ttk  1 ifcwH  fiw 

Ib  Ptc.  9.^tO,  BarlaU*  rBiBstaaM  tnaMteoan  btb  ikni  ultk  m Bi^hapBi  lMtB«t«A  oor*  Mitk  two 
IkBBtloBl  BBoaMtey  (— tiiB  eoinotB*)  «1b41i^  on  tbo  o«t«r  mi  oao  prlauy  olotiat  on  tho  e«rtro 
1^.  IWi  tka  owtro  lot  !■  ooraitot  wltk  m tc  voltago.  voltagoo  «ro  iaiuoo*  in  tko  ooeoateiy  MinAlaga 
tk«k  niTil  o«t  lAoB  tko  oraokiin  io  in  tko  oootro  pooition  ant  tkot  differ  for  otkor  pooltlaoo  of  tko 
«i— toro.  Iko  onrotloa  lo  otatlor  to  tkot  of  tko  LVBfft  ao  for  fortkor  Benoidorotion  tko  roodor  io  rofoi^ 

rod  to  Sootioa  9*2.1. 

Xa  pooitioa  troaodoooro  for  fligkt  toot  purpooooi  tkn  ^okopod 
troBoduoor  io  olaoot  nooor  uood  any  ooro,  konaiioo  froo  tko  oomifo^ 
t«irara*  vioHpoiat  it  ia  a rotkor  aooplioatod  davieo  ooaparod  with 
otkor  tjrpoa  of  Indiiotiwo  ^rotaao,  and  ita  aoourooy  and  linaarity  aro 
foBorally  inforior. 

Air  nort  dataila.  aoo  Baf.  (Bl). 


5*2.6  torooiBO 

da  akowB  in  Vig*  9*2-11,  tko  oioro^m  oonaiota  of  a foux>-pola 
otator  and  a ipaoially  ohapod  rotor*  Baoh  of  tha  aioroajn  polaa  io 
wound  with  two  ooilo,  a iirinazy  and  a aooondaiy  ooil*  dll  priaaiy 
ooila  aro  oonnaotod  in  aariaa  and  oonnaotod  io  an  dC  aupply  voltafo* 
Iho  aooomlaiy  ooila  aro  alao  ooimaotad  in  aariaa  and  diva  an  output 
voltata,  tka  a^lituda  of  which  dapanda  on  tha  poaition  of  tko  oora* 
Ika  aaoondaiy  windii^  ara  oonnooiad  in  ouoh  a way  tkat  in  tko  nau- 
tral  rotor  poaition  tka  output  voltata  ia  aaro. 

Mioroayna  ara  ralatad  to  diffarontial  tranafonMTS  and  bakava 
in  a aiailar  oannar*  In  acna  oanuala  tk«y  ara  rafoidad  aa  ornokroa. 
Hitk  otkor  windint  oonfiturationa,  oioro^rna  oan  alao  ka  uood  aa 
torqua  tonoratoro}  aa  auok  tkmr  ara  ooaiatinaa  uaad  in  tyro  ayotwu 
or  in  foroa-kalanoo  aonro  ayotaoa. 

Air  oora  datailo,  aaa  Rafo  (Bl)  and  (B4)* 


9*3  jBSteoi 

In  tkia  aaortion  typical  okaraotariatioa  of  induotiva  ayataao, 
aapaolally  of  variakla  diffarontial  tranafonwra  (lVST'b  and  RVBT'a) 
will  ha  oonaidarad,  aapooially  tkair  aoouraoy  and  auitahility  for  applioation  aa  poaition  tranaduoara  for 
flitkt  toot  purpoaoo*  Tha  diaounoion  ia  oainly  raatriotod  to  LVBT'a  and  RVIfT’a,  aa  tkoaa  ara  tha  aoat  ia- 
portant  induotiva  ^ratana*  Boat  oonaidarationa  alao  hold  for  otkor  Induotiva  ayatana.  %>aoial  oharaotaria- 
tioa  of  tko  lattar  kavo  alraady  boon  oonaida.'ad  in  tka  tanaral  daaoriptiona  in  Saotiona  9*2*3  to  9*2*6. 

Tka  rsgo^ut;^  of  all  Induotiva  ^rataaa  ia  infinita,  tkat  ia  to  aay  tkat  avan  tka  anallaat  diaplaoa- 
nant  of  tka  oparatint  akaft  produoaa  a Baaaurahlo  okanta  in  output* 

Tha  linaarity  of  nonal  typoa  LTBT'a  and  BTIIT'a  la  about  0*9  % of  the  neaaurint  ranta*  Linearity  oan 
be  laprovad  if  tko  tranaduoar  ia  uaad  at  laaa  than  ita  noninal  ranta,  baoauaa  tha  linearity  uaually  tanda 
to  datarlorate  at  tha  anda  of  tka  aeaaurlnt  rente*  dnonaliaa  around  tka  aero  poaition  of  tha  oora  alao 
often  ooour,  baoauaa  inoaaplato  aatnatio  or  alootrlo  balanoa  often  oauaaa  a raaidual  quadrature  voltata  to 
laaain.  nia  quadrature  voltata  kaa,  aoroovar,  not  alwaya  tka  aaaa  aatnituda,  but  depanda  on,  mong  other 
tbintBi  frequency  and  wave  for*.  Tha  affect  of  the  quadrature  voltata  on  tka  output  curve  ia  akown  in  Alt* 
5,3-1*  In  aoat  applloationa  tka  aatnituda  of  the  null  voltata,  if  it  ia  oonatant,  ia  not  iaportant,  aa  it 
la  tonorally  Mailer  than  1 of  tha  total  voltata  output.  In  apaolal  applloationa  it  nay  be  naoeaaary  to 
raduoa  tka  null  voltata,  idiiok  oan  be  dona  by  aeana  of  apacial  oirouita. 

Tha  fracniancy  of  tko  power  aupply  la  tBnarally  apaolfied  hy  tha  aanufaoturar  and  la  in  aany  oaaaa  4OO 
Hi,  aa  tkia  frequency  la  noatly  directly  available  in  tha  aircraft.  The  frequency  baa  acne  influence  on 
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Fit*  5*2-10  Botaiy  and  linear 

S-akapad  tronaduoara 


Fit.  5*2-11  Principle  of  tka 
aioroayn  ayatoa 


tk«  MMttlvlty  of  tfco  o«tp«t  •IffMl.  birt  thlo  oob  fOBomiy  bo  owlootoA  f tho  OBrlotioBo  of  ^ $ ]t  that 
oai  bo  o^ootoi  U tho  fM^i^  of  tho  hC  poMor  oivpljr  of  Boot  olroroft.  ■oMltlottp  oat  offiolom^ 
ammtilf  InoriMi  «t  ooMlhoiBbljr  hl«har  froquoiioloo.  onh  for  that  roaaon  tho  uoo  of  fro^MOBOloo  in  tho 
oite  of  1 to  9 Uh  la  ooMtiBoa  praforroA,  althoiifh  tho  applloatloa  of  a apodal  ooelllator  la  roquliod 

Bm  la  in  prlBdplo  Alrodly  proportional  to  tho  voltM*  Mplltodo  of  tho  ponor  aupply. 

Iho  oatpnt  la  tharafttro  goBomllp  apodflod  In  toisa  of  unlta  par  on  dliplaooMnt  par  rolt  input  and 

* fM  ml/tm/f  to  a tmt  X/orn/fm  Iho  Bad  aw  allonablo  raluo  for  tho  aoltaco  anplltudo  of  tho 


powr  Mpplp  la  AatogmaoA  bgr  tho  bozIbub  allowablo  powor  dloalpatloB  In  tho  oolla,  Bacnotlc  aaturatlon  of 
tho  oorot  «A  iBMlatloB  hriolBaiwin  of  tho  dnllB(B*  A*  offoot  of  tho  Inpvt  volta«o  on  tho  aanaltlvlty  can 
bo  oaBoolloA  1b  BOOMrlng  droultat  baaoA  on  tho  dotoiBlnatloa  of  tho  ratio  botMoon  output  volti^  and  li^ 
put  uoltaco*  dpatoBo  baa  ad  on  tho  BoaauroaNBt  of  abooluto  voltacoa  roqulro  a atahUlaod  voltaco  auppljr  If 
high  aoouraoj  la  rogulroA*  tho  oadtatlon  uoltago  la  goBorally  botwoon  a faw  wolto  and  a fan  tana  of  volta* 
^poa  oxlat  that  eaa  dirootly  bo  auppllad  froB  tho  400  Ha  aaln  powor  auppl^y  (26  V or  115  f)  which  la 
auailahlo  la  Boat  aircraft. 

tho  aloctrloal  load  (input  lapodanco)  of  tho  Boaaurlng  circuit  csa  affaot  tho  oanaltldty.  Hhon  hlgb- 
l^odaaoo  dfftal  ooadltlonlng  oqulpaant  lo  uaod,  thio  offoot  Will  gaBorally  bo  nagllglbla.  Hoaourlng  ayo- 

With  low  Input  lapadahoot  auoh  aa  alapla  diroot  indloating  inatrcBontai  oan  aarloualy  dooroaaa  tho 

OOBBitlTlty. 
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tho  phaoa  anala  of  tha  output  voltago  with  raqtoot  to  tha  oupply  voltago  oan  have  approolablo  yaluoa 
(■OBO  tana  of  dogrooa).  thla  oBpoot  auat  bo  oorlouoiy  oonoldorod  uhan  ohoodag  tho  noaourlng  oquipaont.  In 
applioationa  whoro  tha  oora  poooaa  tho  oontra  pooltlon,  ooBplloatlona  oan  bo  ozpootad  booauoo  tho  olgn  of 
tho  phaso  aaglo  <dkaacoo.  It  la  thoroforo  oftan  noooaaaxy  to  raduoa  tho  phaoo  ahift  to  looo  than  a faw  do- 
grooa by  Boana  of  a oonponaatlon  droult,  that  oan  ganoiaaiy  bo  a nid>lo  oapaoltor  aoroaa,  or  In  aorlaa 
with,  tho  output  aignal.  tha  phaoa  anglo  dapanda  aoBowhat  on  tha  fraquancy  of  tho  uoltatlon  voltago,  but 
thia  offoot  oan  gonorally  ba  noglootoi  for  vurlatlona  of  tho  orlor  ot  ±5  %,  tho  phaao  anglo  furthaiBoro 
dopaada  on  tho  load  lapodanoa.  thla  offoot  auat  bo  takon  Into  aooount  whan  diBanaionlng  phaao  ooavoraatlon 
droult  a. 

tho  tMBoraturo  '^'thin  which  aonal  typoo  of  varlablo  dlfforontlal  tranaforBoro  oan  bo  uaod  la 

froB  -60**  C to  <al00°  C.  Taaparatura  haa  oobo  offoot  on  tho  aondtlvity  that  cannot  alwaya  bo  noglootod. 
Hpoolal  typoo  oan  wlthartand  taporaturoa  up  to  4600^  C without  bdng  dnaagad,  althou^  tha  aoouracy  oan 
dooroaaa  to  a faw  par  oont  of  tha  BoaBuring  range.  Tho  a^oallod  ”9C  In  - SC  out"  typoo  cannot  wlthatand 
tanporaturoa  higher  than  about  4100**  C. 


MOim 


tho  following  digital  ayotaaa  will  bo  oonddoradt 

- ahaft  podtioB  anoodora 

- on/off  awitohoa. 
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VOLTAOt  IMMT 


n«.  6 •0-1  Prlnoipl*  of  » rot«i7  tjrp«  ahaft  poaltlon  onoodor 


VOL  TAM  MWUT 


tjrpo  of  Is  tho  rotsqr  ssoedsTi  tiM  prtnelplo  of  dklok 

la  Aoss  la  ild*  Xt  oeoslsts  of  a oo4sA  4iso  wltk  a nabsr  of  ooeoantrle  traoks  oonaiatlac  of  al- 

tacaatalj  iwadantlat  aad  lasulaitlBC  aaipaats*  Hm  oonAnotlac  araar  art  alaetrlealljr  ooaBsot<«*  • 'olla»- 
lor  rlac*  oosr  lAiaii  tka  oollags  la  auppllod  to  all  oonductlac  sapMats*  Flaad  bntaboa  ara  an-^i  . \ ojp»- 
alia  tka  trsikst  ao  tkat  a voltaga  output  pattora  la  ototalaaA  that  dapoada  on  tka  akaft  poaitleii* 

Baaldaa  thia  apatM  with  ooi^ 
duotlac  and  no»>ooBdiMtlnc  araaa,  op- 
tical ayataaa  ara  avallahla  with  olaar 
and  opaqua  ao^antat  ualnc  light 
aouroas  and  photooalls  for  dataotlon. 
Othar  bruahlaaa  apatsaa  naka  uaa  of 
aagBotle  or  oapaeitlva  aanalng  taok- 
aiquan.  Dloadvaatagoo  of  tha  bruah 
apatMMt  auoh  aa  aaoaaaiwa  waari  <a>- 
rallabla  funotlonii^  eanaad  hp  dirtp 
ooataotat  ato.  ara  not  praaanrt  in 
thaaa  ayataia.  In  raotillnaar  poai- 
tlon  ahaft  anoodara  tha  aaaa  prlncl- 
pla  la  appllod  (aaa  Fig*  6.(^2). 

Tha  pattarna  uaad  in  tha  dlaoa 
In  Flga  6.0-1  and  6.0-2  glva  a hlaaip 
oodod  output,  In  idiioh  aaoh  output 
load  rapraaanta  a powar  of  2 (2°|  2^| 
2^}  2^)*  Tha  raaolution  la  ltl6  or 
about  6 %,  Ri^ar  raaolution  can  ba 
obtainad  bp  Ineraaalng  tha  nwbar  of 
tr  j.  Tha  pattarna  ahown  In  Flga  6.0-1  and  6.0-2  have  the  diaadvantage  that  at  oartain  poaitlona  aavaral 
blta  hava  to  ehaaga  alaultanooualp.  If,  due  to  uns^etrio  bruah  waar,  a aora  algnifloant  bit  ohangaa 
alightl'  latar  than  the  other  blta,  large  increaaing  errors  oan  occur  at  theaa  poaitlona.  Spaoial  uode 
dlakw,  < which  only  one  bit  ohnngea  at  a tine,  have  been  developed  to  overooae  this  diffloultp.  Suoh  ap^ 
tana  '#Tuire,  houevar,  awre  traoka  to  obtain  the  sane  resolution. 

'.Mere  are  several  reasons  why  shaft  encoders  are  not  widely  uaad  in  flight  tasting,  'via. I 

- tha  oasa  sise  for  a given  resolution  is  generally  larger  than  for  othar  types  of  position  tran^ 
duoera 

- the  number  of  output  wlrea  that  ia  needed  is  generally  hi^er  than  with  othur  types  of  tranaduoara, 
because  there  is  one  wire  for  each  ring 

- ahaft  encoders  ara  generally  ooatly 

- the  output  of  analog  poaition  transducers  oan,  if  neoasaary,  easily  ba  transfoimad  into  a digital 
signal  bp  aeana  of  electronic  oon-vertera,  that  are  often  already  preaent  in  the  measuring  system 
for  oonveraion  of  other  analog  aignala 

- aost  types  have  a relatively  low  frequency  response  and  are  rather  aensltive  to  vibration. 
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6.0-2  Principle  of  a raotilinaar  type  ahaft  position  enoodar 


oan,  in  principle,  be  used  to  give  aingla-bit  digital  Infomatlon  about  tha  position 
of  no'vablo  aircraft  oosponents.  In  practice  thla  method  is  mainly  uaad  to  signalise  and  positions  and  it 
ia  used  almost  exolusl'vely  if  such  a switch  ia  already  present  for  noneal  aircraft  operation,  aa  for  in- 
stance to  indicate  the  "up”  and  "down"  positions  of  the  undercarriage. 

Taps  in  auoh  existing  ayatems  oan  easily  be  made,  and  the  signal,  generally  *28  T SC  or  0 V SC,  can 
directly  be  connected  to  an  on/off  channel  of  the  reoording  system. 


7.0  nt8Tdu*"*Toai  OP  posmoK  TamssocsRS 

7.1  Introduction 

The  installation  of  transducers  In  the  aircraft  can  ha-ve  a large  influence  on  the  overall  coat,  re- 
liability, and  accuracy  of  the  total  measuring  aystem.  In  this  ch^ter  a number  of  aspects  that  must  be 
-taken  into  account  during  the  design  and  Installation  will  be  discussed.  The  diaouaslon  will  be  focused  on 


L 


27 

MdMnle*!  \hm  •iMtrle*!  Mpaeta  (inaiilstion,  groundii^,  «to.)  ha,nm  baw  ooaal^ 

«r«A  In  T«1hm  1 of  thin  mtIm  (laf*  (29))  Mtd  will  ba  najor  aubjaota  in  futura  vdIumb. 

Zn  nnnj  oaaaa  tba  iranaduoar  aa  otPtainad  fron  tba  aanufaoturar  ia  too  frafila  fbr  diraot  inatallation 
in  tba  aireraft*  It  than  baa  to  ba  "nmadiaad”  bafora  it  can  ba  inatallad.  Thia  ia  diaouaaad  in  Saotion 
7.2. 

Tba  nvtadiaad  tranadaoar  will  than  haaa  to  ba  oonnaetad  to  tba  naobanioal  parta  tba  notion  of  which 
anat  ba  aaaawrad.  In  Saotion  7.3  tba  naobanioal  linkacaa  that  oan  ba  uaad  for  thia  oonnootion  ara  raviawad. 


7.2 


Tba  abafta  of  noat  of  tha  linaar  and  ancular  poaition  tranaduoara  oan  only  atand  aai7  liaitad  foroaa 
and  aoaanta.  Uhan  thia  abaft  ia  aountad  diraotljr  to  tba  part  tha  notion  of  whioh  auat  ba  naaauradt  uuo- 
oaptabla  foroaa  and  nonanta  ara  likaly  to  ooour.  Parfaot  alignnont  of  tha  tranaduoar  abaft  with  tba  aoviiy 
part  will  raduoa  aoaa  of  thaaoi  tbowfh  at  a bich  inatallation  ooat.  Ravarthalaaat  if  tha  apwiac  part  and 
tha  baaa  to  whioh  tha  tranaduoar  ia  aountad  nova  ralativa  to  aaoh  other  (dua  to  flight  loada  or  vibiationX 
larga  foroaa  and  aoaanta  on  tha  tranaduoar  abaft  will  atill  ooour*  Tbagr  will  not  onl7  raduea  tha  raliabi- 
lity  of  tha  tranaduoar  inatallation,  but  aajr  alao  affaot  tba  tranaduoar  calibration.  It  ia,  tharafora, 
batter  to  oomiaot  tha  tranaduoar  abaft  to  a acre  rugged  intanadiata  abaft,  wbiob  ia  than  oonnaotad  to  tha 
part  tha  aovanant  of  whioh  auat  ba  naaaurad.  Tba  intaiaadiate  abaft  aunt  than  ba  daaignad  ao  that  it  doaa 
lot  Irmial*  unaeoaptabla  foroaa  and  aoaanta  to  the  tranaduoar. 

d baaio  auapla  of  auoh  a ruggadiaal  tranaduoar  ia  given  in  Vig.  7.^1.  Tba  tranaduoar  and  tha  inters 
aadiata  abaft  ara  aountad  on  a aturdj  aountlng  fraaa,  and  oouplod  bgr  a aiapla  atiff  oouplii«.  Tha  trana- 
duaar  and  tha  intaiaadiata  abaft  oan  be  aaaaablad  on  tha  fraaa  la  tha  worhahop,  wbarw  good  ali^aMatt  oan 
be  aaaurad. 

In  aoaa  oaaaa  tha  anviroBaantal  oonditioaa  a.g.  vibr^ 
tioa  level  - aa  wall  as  daalipi  and  aaaaabljr  prooadnraa  nigr 
atill  oauaa  unaooaptabla  load  lavala  to  ba  azartad  by  tha 
intaraadiata  abaft  on  the  tranaduoar  abaft.  It  is  than  na- 
oasaary  to  raplaoa  tba  atiff  ooupling  by  a flaodbla  one. 
Scaaplaa  of  auoh  ooupli.^s  ara  shown  in  Fly.  7.2-2. 


Wg.  7 .2-1  Ruggadiaad  poaition  tranaduoar 

Type  d is  a rubber  ooupling.  It  la  sub- 
jaot  to  torsion  if  large  nonanta  ara  to  ba 
trananlttad,  but  is  vary  auitabla  for  tha 
nail  nonanta  generally  required  to  nova 
tranaduoara.  In  aoaa  applioationa  it  has 
tha  advantage  that  it  will  dnp  out  higb- 
fraquney  vibrations.  In  tha  bellows 
ooupling  shown  under  B,no  torsion  will  ooour, 
tha  intaraadiata  abaft,  it  will  exert  only  vary  an^ll  foroaa  on  tha  transducer  shaft,  ^rpas  d and  B do  net 
introduoe  backlash.  Tba  Oldhaa  ooupling  ahown  under  C is  auoh  Haller  than  tha  other  two.  Soaa  play  auat 
exist  batwaan  tha  parts  of  thia  ooupling,  tdiich  will  result  in  aona  baoklaah. 

Tha  oonstruotion  ahown  in  Fig.  'i«2-l  raaulta  in  relatively  long  ruggadised  tranaduoara.  ?br  sice  8 
and  11  transducers,  the  overall  length  aay  wall  ba  acre  than  twioa  that  of  the  original  transducer.  If 
thia  is  a problea,  other  deuigna  oan  be  used.  Fig.  7.2-3  given  an  ezaapla  of  a posaibla  oonatructlon.  The 
reduotlor  of  the  length  of  the  oonplete  tranaduoar  ia  obtained  by  "folding  back"  the  Intemadiate  ahaft 
around  the  shaft  ooupling.  Tba  intemadiate  ahaft  has  beooae  a hell-ah^ed  part,  supported  by  a single 
larga-diaaetar  aliw-profile  ball  bearing.  Due  to  its  large  diaaeter,  thia  bearing  can  atand  relatively 
large  aonants.  In  order  to  reduce  such  nonanta  aa  far  aa  poaaible,  the  input  lever  to  the  ln*omedlata 
ahaft  is  placed  in  tha  plane  of  the  bearing. 


Fig.  7.2-2  Flexible  shaft  couplings 
d Rubber  ooupling 
B Steal  ballowa 
C Oldhan  ooi^llng 


and  even  in  the  oaaa  of  relatively  larga  axial  novanants  of 
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Plf.  7*2^  Ooi^iac  of  tko  iokoraodisto  okoft  kf 


ilC*  7*W  okoMo  oDOtkar  Mthod  fbr  roteolnc  tko 
ovoroll  loofth  of  tko  tronoAooor*  Tkoroi  tko  tyoiio 
4neor  ant  tko  laftomokioto  ikaft  oro  oouploA  kr  cooro. 
Om  of  tko  foon  Bust  bo  of  tko  vlit  and  lotamally 
avrlkf  loadad  typo  to  ollalaato  boeklaak.  Iko  aptlac 
mat  bo  otMMtfr  aoo«^i  to  0090  wltb  auddoR  ao«aMitta» 

fit.  7.2-3  n«»lo  of  a ooaatittotioa  to  roduoo  o«  bo  qoito  foot,  aa,  for  laataaoo,  ia  hj- 

tha  loRCtk  of  tko  traaadttoor  dranlioolly  oporatod  oontrol  agrataao.  In  thla  tgrpo  of 

ooopliac.  a foar  ratio  oaa  bo  Introduoad  bat noon  tko 
lapart  abaft  aad  tko  tronadueor  akaft.  Iko  dlnanalona  of  tkia  ooaatraotlon  oaa  bo  qulto  aall. 

Katlar  ooaatxaatioaa  oaa  ba  aada  for  linaar  traaaduoora,  but  tkaj  gaaorallj  baocaa  aora  oeapltoatod. 
Wmf  liaaar  diffomatial  troBafOnara  ara  alroady  daliaarad  wltk  ralatlool^  atroac  input  akafta  and  boar- 
laga*  nkiok  oaa  tkaa  ba  uaad  witkout  an  iatomadlata  akaft. 

A liaitad  ronsa  of  xvcfodlaod  angular  traaaduoara  ia  alao  ooaaMroiallgr  aaailablai  but  fOr  aaaf  appli- 
oatioaa  tkagr  kaaa  to  ba  apaeially  doaignod  and  built. 

Hhan  daatgning  a tronadueor  ruggodiaing  ayat«ni|  tko  oxpoetod  loada  and  diaplaoMoata  akould  bo  dotoi-' 
Bjnad  boforakaad.  A fan  datalla  of  tko  ooaatruortion  will  bo  diaouaaod  karo  in  aoaa  uora  dotaili 

- tko  aouatiag  fraaa 

- tko  traaadaoar  aounting 
> tko  Intoraadlato  akaft 

- tko  kousiag. 

tko  funotion  of  tko  aouatii^t  fraaw  in  to  anauro  that  no  unaooopdablo  loads  aro  tranaaittad  to  tha 
tranaduoor.  Book  loada  oaa  origirato  froa  tkroo  difforoat  oauaoai 

- Axial  and  loi^tudlaal  forooa  and  aoaanta  aoting  on  tko  iotoiaodiato  axis,  tko  fraaa  auat  bo  oapablo  of 
aljorbing  tkooa. 

- Vibrationa.  Sofoxaation  of  tko  fraaa  undor  vibration  auat  not  introduoo  loada  on  tko  tronaduoar  akaft. 

- Porooa  iatroduood  through  tko  aouatiag  flango  of  tko  fraaa.  tkoao  oaa  bo  introduoad  oitkor  bgr  dofom^ 
tiona  of  tko  atruoturo  to  vkiok  tko  flango  ia  attaokod  or  tp  dofoxnatioaa  of  tko  flango  whan  it  ia  fa^ 
tanad  to  a no»>flat  aurfaoo.  In  gonoral,  tha  flango  adtould  bo  atiffor  than  tko  otxuotura  to  whiek  it  ia 
attaokod. 

tko  boat  position  for  tha  aouatiag  flango  ia  aa  uoar  ao  poaaiblo  to  tko  input  aido  of  tko  iataraodiato 
shaft  and  poxpondioalar  to  that  akaft. 

fka  natkod  of  aounting  tko  tranaduoor  on  tko  aounting  fraaa  oan  alao  affoot  tko  roliabilitgr  and  a»- 
ouracqr  of  tko  Boasuriag  agrstaa.  Tranaduoor  aaaufaoturors  uauallgr  givo  dotailod  instruotiona  about  tha  pr^ 
farrod  nothoda  of  aountingi  and  tkoao  ahould  ba  adkarod  to  aa  olosoljr  as  posslblo.  Por  ipnokrosi  tko  ohapo 
of  tko  tranaduoor  and  tka  notkoda  of  aounting  woro  staadardlaod  long  ago|  noro  roooatly  aany  potontl^ 
aotars  aro  built  to  tha  swo  standards.  Tbo  proforrod  SMtkod  of  aounting  auok  tranaduoera  la  akown  in  Pig. 

7.2-5.  , 1 ■ 


Pig.  7.2-5  Standard  aynokro  ' 
ria  aounting  I 
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fkm  rarfftOM  A aoi  B of  tho  tronrthicor  or*  mIo  to  oIom  tolonMoo*  Aooiurtilo  r>iA  ropootoblo  oll^^ 
MBt  eoB  bo  ooblovoA  bgr  oonfally  ■oohlnlat  itM  holo  oaB  ito  awrrouBdli^  oe  tho  ■oantlnc  frio.  Ibo 
troroAooor  lo  aowatod  bf  ipoolol  olMpo  ohlob  aro  BB—trelolly  ovmiloblo*  An  oltomoAlvo  MOtboA  of  ■ouni-' 
li«  to  ahoim  In  flf.  7.2-A|  ohoro  om  io  aodo  of  ibroo  boloa  thoi  oro  aomlloblo  on  ^ho  front  of  tbo  tron»> 
Auoor  hOttiinB.  Ihto  atthod  la,  bewovor,  not  roiw— andoA  If  aovoro  vibration  ooours*  Vic*  7*2-7  abowa  a 
Mtbod  of  nowitliig  ahiob  la  aoaatlnaa  found  in  piaotloa  but  la  not  raoaaMBdaA.  Iba  olanp  oan  dofom  tho 
bouali«  and  alao  proaont  allfnaant  problw. 

Iba  Intamadlata  abaft  abould  ba  daal«nad  In  auob  a ray  that  It  ««lll  ba  atronc  aaouib  to  wltbatand 
feroaa  and  naaonto  aaartad  on  It  bor  tha  alroraft  atiuotuia  and  rigid  anougb  not  to  tranaalt  undua  loadlnga 
to  tba  tranadttoar  Ingiut  abaft.  Mr  oontrol  poaitlon  Baaauroaanta  and  alallar  applloatlona,  a abaft  dli^ 


Big.  7*2-d  Standard  qrnobro  aorau  aountlng 


Fig.  7.<^7  Synobro  olaap  aountlng 


atar  of  6 aa  la  ganarallj  auffielaat.  Tba  abaft  will  la  ganaral  ba  aupportad  bsr  two  praloadad  ball  baar- 
Inga.  Iba  dlataaoa  batwaon  tbaaa  boarlnga  abould  ba  auob  that  tba  banding  noaonta  on  tba  Innar  baarlng 
raoaa  ara  nuffloiantlg  low|  m la  ganarallg  auffloiant.  Inatallatlon  oan  oftan  ba  alivlar  If  ball  baax*- 
inga  wltb  f^ffarant  dlMotara  ara  uaad.  Iba  abaft  and  baarli^  oan  ba  bald  In  plaoa  uaing  oollam  and  eli*- 
ollpa.  An  oxMpla  of  an  Intaxaadlata  abaft  daalgn  la  glvan  In  Fig.  T»2~6. 

Xt  la  ganorally  uaaful  to  anoloaa  tba  oonatruotlon  bgr  a Auat  oowar,to  aaka  provlaiona  for  a aafa  ooi>> 
aaotion  for  tba  alaotrloal  laada  and  a aoal  for  tbo  abaft  and.  Fig.  7*2-9  ibowa,  aa  aa  azaapla,  tba  oon- 
atruotlon of  a oonplata  ruggadiaad  tranaduoar  for  aaaaurlng  oontrol  aurfaoa  poaitlona. 


Fig.  7*2-9  Saaign  ozaapla  of  a ooaplato  ruggadiaad 
angular  poaitlon  tranaduoar 


7.3  Hii  wiBim  IV  ^irmfrtnr  r"**nr  "*** 

7*3.1  Oanaral  aanaota 

In  gaoaral.  It  can  ba  aaid  that  tba  (ruggadiaad)  tranaduoar  abould  ba  muntad  aa  oloaelgr  aa  poaalbla 
to  tha  atruotural  n«bar  tha  notion  of  tdklob  nuat  bo  naaaurod.  Ibia  la,  bowavar,  not  poaalbla  In  naagr 
oaaaa*  Tbora  nag  bo  no  atruotural  parta  aultabla  for  Mounting  tba  tranaduoar,  or  tha  apaoo  noar  tha  aovlng 
part  nag  ba  too  mhII  for  aountlng  tba  tranaduoar.  In  auob  oaaaa  tba  oonnaotlon  batwaan  tha  atruotural 
Honbor  tbo  notion  of  which  nuat  ba  naaaurad  and  tbo  tranaduoar  nuat  ba  nada  bg  trananlaaion.  Thla  trann- 
nlaalon  nuat  naot  tba  following  raqulranontat 
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- the  trMMi«no«r  output  mat  ooiroapoad  to  tho  pooltloa  of  tho  oiroroft  oaaponont  oxoluolvol/i  l.o.  tho 
taM  on  which  tho  tnaoAuoor  lo  aountod  auot  not  aovo  with  roopoot  to  tho  roforonoo  o«»inat  whioh  auot 

ho  aooaurod 

~ tho  offoot  of  plop  oal  hoolrl  ooh  should  bo  aaoll  with  roopoct  to  tho  roquirod  aoosurlnp  ooouroop 

- la  aoot  00000  tho  rolotloaohlp  botwoon  tho  pooition  of  tho  aovii^  port  should  bo  os  linoor  os  poooiblot 
la  opooiol  eosoo  o opoolflo  noB-liaoor  rolotionohip  nop  bo  roquirod,  for  inotonoo  if  o hlph  oonoitivitp 
(sad  ooouroop)  la  roquirod  ovor  onlp  port  of  tho  total  BOOourii«  ronqo. 

It  Bust  bo  roollsod  that  Inadoquoolos  of  tho  tronaU.asion  opstoa  can  hovo  o largo  offoot  on  tho  ovor> 
all  Boosurmmt  aoour«op> 

7.3.2  ttwrt  w«mii 

Slroat  ooupllng  botwoon  tho  tronaduoor  and  tho  soving  port  la  in  gonorol  tho  boot  aothod  if  it  con  bo 
roaliaod.  This  oaa,  howovor,  bo  dona  oalp  if  a oultablo  boss  for  aounting  tho  transduoor  can  bo  found  noor 
tho  Boving  port  and  if  tho  rolatlvo  aotlona  in  othar  dirootiono  than  tho  aoaaurii«  dirootion  aro  aaoll 
anou^  to  oBsuro  suffloloat  aoouraop  and  roliabilitp.  Par  aost  control  position  aoaauroaonta  a flaxiblo 
ooupllng  will  bo  roquirod.  Two  ojcaaplos  aro  glvon  in  Plga  7.3-1  and  7«3-2.  In  Pig.  7.3-1  a oomorciallp 


We*  7.3-1  Urootlp  oouplod  tronaduoor  using  Pig.  7.3-2  Dirootlp  oouplod  tronadueor  using  a 

a flosiblo  ooupllng  spring  lovor  coupling 

availablo  flaxiblo  ooupllng  has  boon  usod.  In  Pig.  7.^2  a dlroct  wiro  spring  lavar  has  baan  custoa  aade. 
Tho  wiro  spring  auat  haws  bonds  to  allow  rolatlvo  aevaaonts  botwoon  tho  control  aurfaoa  shaft  and  the 
tronsluoor  and  aust  ba  stiff  enough  to  onsxira  good  oalibration  adheronco  evon  during  sudden  control  aov»- 

aants. 


7.3.3  Uvor  QQUDllns 

^r  tho  aoasuxaaant  of  the  position  of  aircraft  control  surfaces  and  siailar  aovlng  parts,  the  lever 
ooupllng  (Fig.  7.3-3)  is  ofton  tho  best  solution.  This  construction  can  transait  the  notion  over  relatlve- 


Fig.  7.3-3  l^ver  coupling 


Ip  large  distances  and  can  aooept  rather  large  rela- 
tive displaoeaents  between  control  shaft  and  trans- 
ducer. 

The  aocuracp  of  a lever  ooupllng  can  be  very 
high  if  the  defomatlona  of  the  lever  parts  under 
loading  are  kept  soall  and  if  the  levers  are  long 
enough  to  reduce  the  effect  of  bearing  play  to  a neg- 
ligible value.  The  linearity  of  the  coupling  wlxl  be 
high  if  the  levers  are  parallel  and  of  equal  length. 
Pig.  7.3-4  shows  what  happens  if  the  levers  are  not 
parallel.  In  this  figure,  the  misalignaent  is  the 
sero  position  of  the  output  angle  P at  whicl  the  in- 
put angle  « is  sero  (input  lever  perpendicular  to  the 
connecting  rod).  It  la  found  that  for  a Dlsalignnent 
of  3 degrees  the  linearity  error  at  a >.  40  degrees 
can  be  5 degrees.  For  a misalignment  error  of  15  de- 
grees, this  becomes  13  degrees. 
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Fig*  7«3-4  LlnMrlty  «rrora  du«  to  no<>-p*x«ll«l  l«v«rm 
a 


Th*  «ff«ot,of  umqual  langtha  of 
th*  l«v«r«  la  ahOMt  in  Kg.  7«3-5>  Thla 
figura  ahowa  that  av«n  for  a ratio 
1.2,  largo  diffaronoea  occur  ba- 
twaan  a and 

Tha  affaota  daaorlhad  abova  ara 
aoMtiaaa  uaad  intontlonalljr*  In  aoma 
^plioationa,  a highar  aanaltivity  and 
aoouraogr  la  daairad  ovar  part  of  tha 
aaaaurlng  range.  Fron  Fig.  7>’3-4  it  oan 
ba  naan  that  tha  aanaitlvity  at  ona  and 
of  tha  ranga  aho'm  la  much  highar  than 
it  would  be  if  tha  lavara  wora  parallall 
at  about  p a 0 tha  aanaitlvity  ia  about 
equal  to  that  of  parallel  lavara  and 
tha  aanaitlvity  contlnuaa  to  daoraaaa 
towarda  tha  oppoalta  end  of  the  meaaur- 
Ing  ranga. 

Arrangenanta  aa  daaoribed  abova 
can  be  uaad  for  the  maaauranent  cf  the 
poaitlon  of  lift  duapara  and  apead 
brakea,  idiara  tha  hlghaat  aanaitlvity 
ia  uaually  raquaatad  at  the  point  where 
the  aurface  bagina  to  deflect,  nia  ai^ 
ranganant  of  Fig.  7»3-5  with  A > B pro- 
duoaa  a high  aenaitivity  at  both  enda 
of  tha  aaaaurlng  range  and  a lower  aen- 
altivity  (thoiieii  atill  highar  than  whan 
tha  lavara  have  equad.  length)  in  tha 
middle  of  tha  range.  In  aone  appllca- 
tiona«  auoh  aa  tha  aaaauraoant  of  coiv- 
trol  aurfaoe  daflaotiona,  a high  eenai- 
tlvity  in  tha  middle  of  the  meaaurlng 
range  if  required,  and  the  eanaltivlty 
near  tha  anda  of  the  ranga  can  be  lower. 
A ayatam  of  the  type  ahown  in  Fig. 

T,y-6  aakea  thla  poaalble. 


Fig.  7*^3  Linearity  errora  due  to  difference  in  lever  length 
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A alBllar  Moh«elM  oui  b*  us«d  for  oonvartlng  Un««r  Into  anculAr  aotlont  Th*  ■•otwnlui  ahown  in 
fig,  7*3-7  produoac  an  angular  daflaotlon  Mhloh  la  proportional  to  the  linear  dJ.aplaoeaant  of  tha  Input 

ahaft. 


Tha  aaohanlMB  daaorlhad  ahovoi  which  aaka  It  poaalhla  to  obtain  a higher  aanaitlvlt.y  (end  aoouracy) 
over  part  of  the  aaaaurlng  rangai  ware  vary  Important  In  tha  pant  whan  aocurata  poaltlon  tranaduoara  wara 
not  avallabla*  low  that  vary  aoourata  tranaduoara  ara  aaally  obtainable  • there  la  no  nea<f  to  uaa  than. 
B^aolally  the  naohanlaaia  ahown  In  Flga  7*3-6  and  7*3-7t  which  ara  vary  axpanalva  whan  they  have  to  be 
btti.lt  for  hlch-aoouraoy  mppliotMonm,  ara  uaad  very  rarely  nowadayai 

A few  ramarica  oan  be  node  about  the  dealgn  of  lavar  ooupllnga.  fbr  optimum  parfomanoa  tha  jolnta 
ahould  Inoorporata  aelf-allgnlng  ball  baarlnga*  An  example  of  auch  a joint  la  ahown  In  Fig.  7*3-8.  3aok- 
iaah  la  than  reduced  to  a mini mum  and  tha  Joint  can  accept  relatively  large  mlaallgnmanta*  Complete  ball- 
bearing jolnta,  which  can  be  directly 
aorawad  on,  ara  coamerclally  avnlluble  In 
a wide  range  of  altaa  and  ahapaa.  Aa 
ahown  In  Fig.  7*3-8  tha  aoraw  and  which 
goea  Into  tha  connaotlng  rod  between  the 
two  levera  oan  be  uaed  for  the  adjurt- 
ment  of  tha  rod  length  during  inatallcw* 

Fig.  7*3-8  Laver  joint  with  aalf-alignlng  baul-bearlng  .ion. 

For  raaaona  of  coat,  nut-and-bolt 
joints  ara  atlll  extenaively  uaed,  not- 


wlthmtaadlng  the  following  diaadvantagaat 

- Inmtallatlon  la  more  tricky  beoauaa  they  arc  more  aenaltive  to  alignment  errors 

- baoauae  of  the  relatively  hi^  wear  rate,  aalntananoe  will  require  more  time 

- backlash  will  be  grea.ar  and  nay  Increase  with  time* 

If  uaad,  auch  joints  must  be  carefully  designed.  In  the  design  ahown  In  Fig.  7*3-9i  the  bolt  can  tilt  In 
both  holaa*  This  not  only  oauaas  a larger  play  than  la  neoassaiy,  but  viaar  may  Increase  this  play  oonaid- 
arably*  A batter  aolution  ia  illustrated  in  Fig.  7*3-10,  idtare  the  bolt  la  inmoblllaad,  with  reapeot  to  one 
of  the  part a of  the  jolnta* 


Fig*  7*>-9  Badly  Assigned  joint  with  bolt  and  nut  Fig.  7*3-10  Properly  designed  joint  with  bolt  and  nut 


7*3*4  Cable  ooupllns 

Though  lever  coupling  is  used  most  for  the  types  of  measurement  aisoussed  in  this  volxime,  a few 
others  are  uaed  in  special  oases*  The  most  Important  of  these  are  the  cable  couplings.  Their  main  applica- 
tion Is  in  caaen  wherei 

- very  little  apace  is  available 

- the  angular  movement  ext ends  over  more  than  90  degrees 

- bends  are  necessary  in  the  transmlsaion  between  input  axis  and  transducer 

- a linear  movement  has  to  be  transformed  In  a rotation. 

Cable  couplings  are  more  vulnerable  than  lever  couplings.  Kinks  or  bends  in  the  cable  can  have  a 
large  effect  on  the  overall  accuracy  end  oan  impede  operation.  Dirt  car,  alro  have  a detrimental  effect. 

The  overall  accuracy  Is  generally  lower  than  for  lever  couplings. 

A simple  cable  coupling  is  shown  in  Fig.  7*3-11.  The  cable  is  attached  to  the  two  pulleys.  The  spring 
keeps  the  cshle  under  tension  at  all  times.  The  disadvantage  of  this  ^stem  is  that  the  spring  tension 
varies  with  tha  angular  position.  It  can  therefore  only  be  used  over  a limited  range.  This  is  overcome  in 
the  closed-loop  arrangement  shown  in  Fig.  7.3-12.  There,  the  spring  has  been  inserted  in  xhe  cable  loop 
and  the  spring  force  is  Independent  of  tne  angular  position.  The  range  is  limited  only  by  the  requirement 
that  the  spring  must  not  touch  the  pulleys.  If  an  ej'ternal  cable  tensioner  is  uaed,  as  in  Fig,  7.3-13,  an 
even  larger  range  can  be  obtained,  which  can  extend  to  more  than  360  degrees.  As  the  cable  must  always  be 


Fig.  7*3-11  Simple  wire  ootipling 
with  » aiagle  wire 


Fig.  7*3-12  CloeeA-loop  cable  oowpliag 


Pig*  7*3-13  Cloaedf-loop  cable  ooupliag  with 
external  tenaioning  end  a multi- 
groo\v)  pulley 


attached  to  a fixed  point  at  both  pulleya,  the  cable 
muat  make  more  than  one  turn  about  a pulley  which 
tuna  over  more  than  about  180  dagreea.  To  prevent 
the  cable  loopa  from  rubbing  againat  eaoh  other  and 
to  guide  them  in  exaotly  the  aame  groove,  multi- 
graove  pulleya  with  a apiral  groove  are  uaed  in  auoh 
oaaea.  In  Fig.  7*3-13  the  range  of  the  large  «dieel 
muat  be  limited  to  about  4 revolution,  the  range  of 
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the  nailer  two-groove  wheel  to  about  revolutiona. 

The  cable  ia  made  of  atrendad  ateel  wirea  or 
nylon.  The  ateel  wire  ia  not  aupple  enou^  to  follow 
the  ahapa  of  amaller  pullegra  mMothly.  Pylon  ia 
elaatio  and  miQr  ohai^  in  length  under  atreaa.  A 
conpromiee  muat  be  made  for  each  Mpplioation.  In  aome 
deaigna  attampta  have  been  made  to  overcome  the  ef- 
fect of  the  atiffneaa  of  ateel  eablea  by  uaing  levnra  connected 
by  wire  inatead  of  the  pulleya.  It  ia  found,  however,  that  the 
cable  benda  due  to  hinge  friction  (aee  Fig.  7.3-14).  Mainly  for 
thia  reaaon  cable-lever  combinationa  are  rarely  uaed. 

nie  dinction  of  the  cable  can  be  changed  betwe«i  the  input 
and  output  ahaft  by  uaing  idler  pulleya  at  the  bending  pointa. 

If  aeveral  auoh  idlera  are  neoeaaaiy,  friction  and  apring  ef- 
fe;rta  in  ateel  wirea  nay  have  a too  large  effect  on  aoouraoy  and 
the  inatallation  can  aleo  become  rather  clvmay*  In  auoh  a oaae  a 
Bowden  cable  (Fig.  7*^1^}  may  provide  the  beat  aolution.  Bowden 
eablea  are  generally  attached  to  levexe.  They  ahould  be  loaded 
by  a apring  to  take  up  any  alack.  The  external  hoae  of  the  cable 
must  be  sapportr:4  at  short  intervals,  especially  at  benda,  because  any  mvemert  of  this  hose  will  change 
the  ce0.ibration  of  the  overall  aywteo. 


Fig.  7*3-14 


Attachment  of  a cable 
to  a lever 


Fig.  7.3-13  Bowden  cable  coupling 


7.3.5  q>ita  99ittU« 

A ohaln  ooupllng  (Plg.  7«3.l£)  la  aoB«iiaea  uaad  Inataad  of  a cable  ooupllng  1ft 

- the  input  and  the  traasduoar  ahafta  are  vary  oloaa  tofathar 

- tba  fear  ratio  la  hlfb 
~ the  ahafta  have  to  Mka  mor*  tuma. 

■aoantljri  naa  drive  ajrateaa  for  Inatrunant^ 
tlon  purpoaaa  have  bean  introduced  on  the  atarkat. 

Tao  oxaaplaa  are  ahoan  In  Flga  7.3-17  and  7.3-18. 

With  raapaot  to  noiaal  chain  tranaalaalona  they 
have  the  advantage  that  they  are  laaa  aanaltlve 
to  dirt. 


n*.  7.3-17  Ptoaltiva  belt  drlva 

7.3.6  Caa  folloaar  ooupIIimc 

BRpeclally  ahen  apace  la  very  liinitedi  the  can  folloaer  coupling  (Fig.  7.3-19)  can  have  advantagea. 
In  a loa  vibration  environaent  Ita  accuracy  la  oontparable  to  that  of  a lever  coupling  and  auparior  to  a 
cable  coupling.  It  la  very  uaeful  for  notv-llnear  tranutlaaiona. 

The  perforaanoe  of  thia  coupling  dependa  to  a large  ex- 
tent on  the  quality  of  the  roller  and  the  rooker.  A ball 
bearing  la  often  uaed  for  thla  purpoao;  the  outer  race  of 
.dlioh  rolla  directly  over  the  can.  Aa  dirt  can  aerioualy  i»- 
pair  the  accuracy,  the  aaterlala  of  the  can  and  the  roller 
are  often  ohoaen  ao  that  they  need  not  be  lubricated. 


Fig.  7.3-19  CaB  follower  ooupling 


8.0  gg-TifiTTOH  OF  A THdiianitm 

In  thia  chapter  advice  la  given  on  how  to  aeleot  the  aoat  aultable  type  of  tranaduoer  out  of  the  many 
exiatlng  typea  for  a given  poaltion  neaauring  problen. 

Aa  already  Bentioned,  it  la  In  general  poaalble  to  reatriot  the  choice  to  one  of  the  three  following, 
Boat  widely  uaed,  groupat 

- potentlometera 

- aynohroa 

- inductive  qrateaia,  and  eapeclally  variable  differential  tranafoivera. 

In  practice,  it  appeare  that  the  three  gro\ipa  are  uaed  In  roughly  equa?.  proportlona.  Only  In  excep- 
tional oasea  will  other  than  the  above  mentioned  groi4>a  have  to  be  oonaldered  aerioualy. 
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ohoio*  of  tho  tnnaduoor  !■  not  only  dopoodoat  on  tho  spoolnl  ohnmatorlstii  - of  Moh  croup«  but 
in  «1m  oloaoly  dotoialnod  by  tho  oharaotorlatlon  of  furthor  links  In  tho  noa«uzlns  chain,  oapoolally  those 
of  tho  intsrfaoo  hstwosn  tho  trsnnduoor  and  tho  Indloation  or  rsoording  o<ittipMnt.  Ktviroimntal  oonditlons 
oftan  alao  play  an  iiqwrtaiit  part  in  dotomining  tho  optiam  ohoioo. 

In  tho  folloalnc,  for  oaoh  of  tho  throe  tranaduoor  groups  attention  Mill  ha  paid  tot 

- aapoota  oonoaraing  iihysioal  onviromontal  oonditlons 

- aapoota  oonooming  intorfaoo  aqulpBent 

- aapoota  oonooming  apooial  oharaotorlotioa  of  that  group  of  tranaduoera 

- advantagoo  and  disadvantagoa,  when  oonparlng  tho  tranaduoera  with  transducers  of  both  other  groups, 

£2l£t^SUfaKS*  ^ tranaduoera  dlaouaaod  in  thin  voluno,  tho  potontionotor  oan  noot  easily  bo  adapted 
to  nany  noaauring  ayataas  without  tho  need  of  ooaplioatod  intorfaoo  oqulpnont  for  signal  conditioning,  as 
often  required  for  ^rnohros  and  variable  differential  transfomors. 

Concerning  tho  intorfaoo  oqulpnont,  tho  potontioaiotor  should  always  be  used  in  oirculta  that  neaauro 
the  roslBtanoo  ratio  rather  than  tho  absolute  val\io  of  roaiatanoo,  as  only  in  tho  flrat-nontionod  clrouita 
tho  oftan  highly  fluctuating  roaiatanoo  between  wiper  and  olonont  oan  bo  oanoellod  out.  This  la  ospooially 
iaportant  tdion  filn  potontionetora  are  ohoson,  as  those  generally  have  a relatively  high  roaiatanoo  be- 
tween wiper  and  olancnt. 

fttentionetera  oan  be  applied  in  SC  circuits  as  well  aa  in  dC  olrcuits.  Hi^  voltage  outputs  oan 
easily  be  obtained.  In  applioationa  where  a relatively  hl^  output  current  la  desired,  aa  for  instance  in 
direct  neasurlng  instrunents  in  photo-panels,  potentioaetera  and  eapeolally  the  low-resistance  wire  poten- 
tioneters  are  a good  ohoioe. 

Potentloneters  oan  easily  be  integrated  with  other  elanents  of  ocnputers  and  eleotronechanioal  con- 
trol aystena. 

It  is  generally  possible  to  oonneot  nore  than  one  aeasuring  ayaten  to  one  potenticaaeter.  The  effect 
of  extra  loading  oannot  always  be  neglected  then,  but  can  often  be  detemlned  from  a special  calibration. 
Hhen  a second  load  is  oonnacted  to  an  operational  circuit  in  the  aircraft,  it  is  essential,  however,  that 
the  perfomanoe  of  that  circuit  ia  not  impaired.  Furthemore,  the  possibility  of  introducing  errors  by 
feed  back  from  additional  measuring  eysteBia  and  errors  from  extm  ground  loops  has  to  be  scrutinised. 

For  low-atoouraoy  ipplloationa  (down  to  + 1 % of  full  range),  low-cost  wire-wound  potentiometers  are 
available.  In  these  oases  the  best  choloe  with  respect  to  life  e:q>ectaney  will  be  low-resistance  types 
with  large  wire  dlasietera.  For  hi^er  aoouracles  more  sophisticated  potentiometers  are  available.  Rela>- 
tivaly  oonnon  types  have  aocuraoies  vq;i  to  4 0.1  )(,  whereas  still  higher  acouraoles  (4  0.01  can  be 
achieved  by  using  potentioaetera  with  large  diameters  or  anilti-tum  potentiometers. 

Wire-wound  potentioaetera  have  a finite  resolution,  depending  on  the  number  of  windings.  When  a very 
hl^  resolution  ia  wanted,  ^ypllcatlon  of  film-type  potenticoeters  with  practically  infinite  resolution 
must  be  considered. 

Hi^  linearities  oan  be  achieved  with  both  film-type  and  wire-wound  resistances  (4  0.02  resp. 

4 0.07  )0.  If  a non-linear  relationahlp  between  position  and  output  signal  is  reqpiired,  this  can  more 
easily  be  achieved  with  film-type  potentiometem  than  with  wir»-wound  types.  ConfomitieB  to  4 0.1  ^ can 
be  obtained  with  both  types. 

Due  to  the  wiper-to-element  configuration,  potentioaetera  are  nore  subject  to  wear  than  synchros  and 
variable  differential  transformers.  For  the  same  reason  potentiometers  have  a lower  signal-to-noise  ratio 
than  both  other  systems. 

nie  life  expectancy  is  proportional  to  the  nimiber  of  wiper  operations  and  depends  furthemore  on 
wiper  pressure,  wire  thioknesw,  ohoioe  of  material,  and  construction.  High-precision  single-turn  potentio- 
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meters  of  both  types  (wire-wound  or  film)  can  have  a life  expectancy  up  to  about  5 ^ iO  operations.  Life 
expectancy  of  onilti-tum  potentioaetera  is  lower.  This  is  one  of  the  reasons  why  these  t2q>es  are  seldom 
used  for  position  measureoents  during  flight  tests. 
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Fbr  quasi— static  measurements  the  above-mentioned  figure  of  3 x 10  operations  means  an  appreciable 
life  expectanoy.  For  dynasde  measurements  with  high  frequencies,  however,  it  results  in  a short  life,  EUid 
for  this  reason  the  potentiometer  la  less  attractive  than  synchros  and  variable  differential  transfomers 
for  those  applications.  It  is  true  that  dynamic  position  measurements  above  frequencies  of  a few  Hz  seldom 
occur,  but  often  control  surfaces,  wing  fl^>s,  trim  tabs,  etc.  are  continuously  subject  to  spurious  high 


frwpMiia^  oftan  amiod  oartaln  fixad  poaiilgna.  At  tha  aquivalant  poaltiona  on  tha  potantlo- 

Mtar,  axoaMiva  wav  oan  ooour> 

Mr  ■aanrianta  within  taaparatura  raagaa  up  to  about  100^  C,  ralativaly  ooMon  tjrpaa  of  potantio- 
Mftara  oan  ba  ohoaan.  Mr  taaparaturaa  to  about  250°  C,  apaolnl  tppaa  ara  availabla*  Mhan  artraaaly  hi|^ 
taaparaturas  oan  ba  axpaotadi  aa  for  Inatanoa  whan  flli^t  taata  hava  to  ba  axaoutad  at  hl^  Naoh  nuabarat 
potaatioaataro  oan  oaosa  diffloultiaa*  Mr  thosa  applioatlonui  LVST'a  ara  a battar  oholoa. 

Aa  a dlaaivantagat  aingla-tum  potontloaatara  oan  only  ba  uaad  for  rotatlona  of  laaa  thjn  360°  (nax. 
approxiaataly  355°)* 

Tha  ^rnohro  agratan  waa  originally  Intanded  for  diraot-lmlioatlng  puxpoaaa.  Mr  thia  aqpplloatlon 
niipla  indioatom  ara  availabla  and  aa  auah  tha  ayataa  haa  outartandlng  advantagaa  ovar  othv  ayateaa.  niay 
ara  tharafora  artanalvaly  uaad  in  tha  olrouita  of  tha  oool^lt  Inatmaanta  In  nany  airoraft  typaa.  Mr 
fli^t  taat  applloatlonai  aynohroa  hava  tha  dlaadvantaga  that  rathar  ooaplioatad  algnal  conditioning 
aquipacnt  haa  to  ba  ^^liad  for  tha  oonvamion  of  tha  alaotrloal  output  into  tha  DC  or  digital  algnala 
raqulrad  bjT  xowt  flight  taat  raeording  ayatena.  That  aynohroa  ve  navarthalaaa  aztanaivaly  uaad  in  flight 
taatlng  atena  froa  two  raaaonat 

- aeny  of  tha  aignal  oondltloning  olrouita  oan  be  oonneotad  in  parallal  with  a aynohro  indioator  without 
dagradlng  tha  noraal  oparatlon  of  tha  original  aynohro  chain.  If  tha  fli^t  taat  ayatea  oan  ba  oonnaotad 
to  an  axiatlng  airoraft  oirouit  in  thia  way,  it  will  not  ba  naoaaaaiy  to  inatall  a aaparata  tranaduoar. 

- aapaoially  when  the  algnal  oonditioning  agratan  ia  already  available  for  other  puxpoaaa,  aynohro  tiwu»- 
nittara  ara  also  often  preferred  for  apaoiflc  fli^t  test  applioatlona.  Beaidae  thb  technioal  ohvaotez>- 
iatioa,  previous  ezperlttioa  and  tha  relatively  low  ooat  nay  oontidbuta  to  thia  choioe. 

Iigiortant  features  of  ^mohroa  are  their  hi^  aoouraoy  and  reliability,  infinite  resolution  and  the 
absenoe  of  stops.  Iba  overall  naeMurenent  accuracy  is  not  only  detexadned  by  the  very  hi^  aoouraoy  of  the 
tranaadttv,  but  is  also  affected  by  the  othv  olrcult  eleaents.  A torque  aynohro  chain  has  an  accuracy 
of  about  1 degree.  A servo  ohain  Inoluding  a synchro  control  trananitter  and  a synchro  control  tranafoxaar 
oan  attain  an  toouracy  of  10  slnutas  of  arc  or  even  battar.  Synohrc-tiv-lX:  and  eynchro-to-digital  oonveiv 
tars  are  availabla  with  different  aoouraoles. 

Mrual  oonvarters  have  aoouraoiea  in  the  order  of  + 3 to  + 13  ninutae  of  arc  nixva  used  for  quasi- 
staaly  seasurecMnts  at  speeds  up  to  some  hundreds  of  degrees  par  second,  >diereas  more  sophisticated  con- 
veitars  can  hava  aoouraoiea  of  + 2 ainutas  of  arc  under  these  oirounstanoas.  Mr  accurate  Beasurenents  at 
hiid^v  ahaft>rotation  speeds  up  to  soae  thousands  of  degrees  per  second,  apeoial  rata-oonpansated  convex^ 
tars  ara  available. 

HoxbsI  power  supply  for  igrnohros  ia  26  V or  113  4OO  Hz,  that  oan  ganvally  be  obtained  frcn  the 
airoraft  113  V AC  bus.  Types  woitcing  at  hi^v  frequencies  (for  instance  3000  Hz)  are  availabla  and  have 
certain  advantegas,  espeoially  with  x^spect  to  the  dinensiona  of  transducers  and  the  signal-conditioning 
ooaponenta.  Mr  these  types  special  powv  siq>ply  units  are  required. 

Reliability  and  life  expectancy  of  synchros  ve  higher  than  can  be  obtained  with  potantioneters.  A 

Q 

life  aq>aotanoy  of  3 z 10  operationc  oan  easily  be  obtained  with  normal  types.  Mr  the  highest  reliabili- 
ty and  life  expaotanoy,  ths  brushless  types  are  recoBsiended.  Biuahless  ayncbroa  have  almost  the  same  t-»- 
liability  and  life  expectancy  aa  variable  differential  transfozuera. 

Linevity  of  noxmal  ^rnohros  ia  generally  better  than  4 0.02  of  a full  rotation)  linepritiea  better 
than  4 0.01  % ve  possible.  Hon-linev  functions  oannot  simply  be  realized  with  synchros.  In  this  respect 
potentiometers  are  more  suitable.  Of  course,  non-lineaurities  can  always  be  introduced  by  special  mechani- 
cal linkages. 

Mr  measuresientB  at  teaq>eraturen  up  to  about  100°  C,  relatively  oommon  types  of  synchros  oan  be 
chosen.  Brushes  are  a weak  point  in  the  synchro  oonstruotion  and  especially  at  higher  temperatures  they 
cause  many  difficulties.  Althou^  with  special  types,  for  instance  brushless  synchros,  measurements  at 
higher  tsnperattires  (up  to  300°  C)  oan  be  executed,  they  ve  not  recommended  for  use  in  this  field.  Mr 
measurements  at  high  tm^eratures,  wlable  differential  transformers  must  be  preferred  to  aynohi^js. 

Direct  reading  synchro  indicators  and  synchro  servo  indicators  genvally  have  a low  frequency  response 
and  cannot  be  used  for  accurate  dynamic  measuimments  above  frequencies  of  a few  Hz.  The  combination  of 
aynohro  transducers  and  converters  for  recording  purposes  behaves  better  in  this  respect)  however,  in 
practice  hve  also  nany  difficulties  ve  met  when  measurements  above  ^iprozlmately  3 Hz  have  to  be  exe- 
cuted. Thve  is  not  much  literature  available  about  this  subject  and  manufacturers'  specifications 
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g«Mrall7  al«o  glv*  tacirmtlj  briaf  infoiMtlon  or  noao  act  all.  In  faeit  aooozvto  position  Mssorwsnts 
•bovo  s fow  Ha  srs  soldoa  roqp*lr«d(  anl  iho  only  roquiranant  in  this  rsspsot  is  that  high  froquancgr  shaft 
vibration  will  not  danaga  tha  transAuoar  or  dagrada  tha  naasuraaant.  Sni^uroa  oan  withstand  vibration  suoh 
battar  than  potantlonatars« 

YTrtft^tt  *^1  azlstlng  indttotlva  ajratana  for  position  ■aasurwant,  only  tha 

llnaar  variabla  diffarantial  tmnsfoxnar  (liVST)  and  tha  rotuy  vaxlabla  diffarantial  tiansfomar  (RTDT) 
naad  to  ba  oonsidorad  sarioualy  for  flight  taat  purposast  as  thaaa  davioas  riaa  hi^  above  all  othar 
tranaduoars  of  this  group  in  naoting  all  kinds  of  ganoral  and  spaoifio  raquiraannto.  As  thay  roquiro 
nalthar  bruahaa  nor  wipam,  thair  naohanloal  oonstruotion  can  ba  vary  sinpla«  In  ganoral  thay  ara  aactrana 
ly  niggadt  ara  rasistant  to  vibration  and  shook,  and  hava  a loi«  Ufa  azpaotanoy.  In  thasa  raspaots  thay 
axoall  above  potantlonatars  and  oan  oo^^a  with  brushlaas  aynohroa. 

Variabla  diffarantial  tranafomars  have,  like  qynohros  and  fil»>typa  potantionatan>,  tha  advantaga 
above  wire-wound  potantionatam  of  having  infinite  resolution. 

Variable  differential  tranafoxvars  ara  aasantially  AC  davioas,  vsing  nodulatlon  fraquenoias  fron  $0 
Ha  to  a few  kHt.  Iha  400  Ha  typaa  hava  tha  advantage  that  tha  neoassaiy  power  st^ply  oan  ba  obtained  fron 
tha  airoraft  AC  nain  bus.  i^plioation  at  hi^ar  fraquenoias  has  oartain  advantages  but  requires  a special 
oaolllator. 

■oinally,  the  tranaduoar  oontaina  a half  bridge,  and  tha  othar  two  aim  naoaasaiy  to  ooapleta  tha 
bridge  are  added  axtaxtially.  Cabling  sonatinas  introduces  oapaoitive  unbalance  idtioh  nust  ba  oonpansatad 
for.  This  tandb  to  sake  tha  signal  oonditioning  nora  ooi^lioatad  and  azpanaive. 

Sone  of  tha  abova-nantloned  diffioultias  with  tha  signal  oonditionliv  aquipnant  hava  bean  ovaroona  in 
the  **SC  in  - OC  out"  variabla  diffarantial  transforaar,  in  which  the  nodulator  and  danodulator  oirouita 
ara  fully  integrated  in  tha  transducer  ease.  In  this  type,  noat  advantagas  of  potantlonatars  are  oonbinad 
with  the  advantages  of  hi^  reliability,  resolution,  and  life  axpaotanoy. 

l^ir  naasuranants  at  tanparaturas  up  to  about  100°  C,  relatively  nonaal  types  of  variable  differential 
tranafonars  oan  ba  ohoaan,  but  spaoial  types  are  available  for  higher  tantparaturas  up  to  600°  C.  In  pxao- 
tioa,  tha  variabla  differential  transforaar  is  tha  only  device  that  oan  suooassfully  ba  used  for  position 
naasuranants  where  the  transducer  nust  withstand  ta^>eraturas  that  occur  during  fli|d>tB  at  high  Nadt  nun- 
bars.  Use  cf  tha  "DC  in  - SC  out"  variable  differential  transfozears  is  rastriotad  to  tha  tsnpareture 
range  of  100°  C due  to  tha  Units  prescribed  by  the  built-in  elaotronio  oosponents. 

Concerning  the  dynamic  response  of  variabla  differential  transforaers,  there  are  no  15.nitations  ez- 
oept  those  due  to  the  denodulation  process.  In  general,  frequencies  up  to  about  l/lO  of  the  oarriar  fre- 
quency oan  ba  naaaurad.  Hl^>-fraquanoy  transducer  shaft  vibrations  will  not  seriously  reduce  the  life  az- 
peotanoy  or  influence  tha  measuring  result  if  properly  designed  slgnal-oonditioning  is  used. 

Por  direct-indicating  purposes,  the  variabla  diffarwtial  transforaers  have  tha  disadvantage  that 
tha  relatively  oonplicated  signal  oonditioning  remains  neoassaiy.  for  iqmohros  and  potentiometers  simple 
indicators  axe  available  without  the  need  of  interface  equipment  for  those  applications. 

Variable  differential  transforaers  cannot  easily  be  integrated  with  other  co^>uter  elements,  etc.  In 
this  respect  potentiometers  and  syuebroa  must  be  preferred. 

Advantages  of  variable  differential  trensformers  ooq;>ared  with  potentiometers  are  finallyt 

- the  low  noise  level 

- the  negligible  actuation  force 

- the  electrical  separation  between  output  signal  and  power  supply. 

The  specific  characteristics  of  the  three  main  groups  of  position  transducers  for  flifdit  test 
puzposer  oan  be  described  as  followst 

The  sstjoy^BSlt^  can  be  regarded  as  the  device  that  is  best  suited  for  quaal-atatlo  ipplloatlons.  It 
has  the  advantages  of  low  cost,  high  output  signal,  and  of  being  the  simplest  to  use.  Disadvantages  are 
the  relatively  low  life  e]Q)ectanoy,  low  reliability,  and  low  resistance  to  shook  and  vibration  and  the 
relatively  high  noise  level.  Hire-wound  potentiometers  have  the  disadvantage  of  finite  resolution. 

The  synchro  is  a device  with  excellent  resolution,  high  accuracy  (even  for  normal  types),  high  relia- 
bility, and,  especially  in  the  case  of  brushless  types,  a long  life  expectancy.  A disadvantage  ia  the  ne- 
oesalty  for  complicated  and  expensive  signal  oonditioning  for  recording  purposes. 
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Am  * davlo*  with  rvaoliition,  Mdlua  MourMgr,  and 

loi^  Ilf*  Mpaotaaogr*  Btoaua*  of  11*  robiurtn***  11  o*n  b*  ua*d  uiidar  ttrtrwie  onvlronMnlal  oonUtion*.  A 
dlndvantac*  1*  tlu  MOOMlty  for  rolallvaly  oaapllo*t*d  «lgii*I  ooaditloniiiCi  «xo«pt  for  "DC  la  - SC  out" 
t7P«a. 

Xn  ■p«ol*l  owM*t  iQrstaa  oth*r  than  th*  ttara*  aantlonal  abov*  auct  b*  ooaslA*r*d«  Thla  ia  for  In- 
atauo*  th*  oao*  for  aiiplloatloa*  la  t*lM*ti7  olrouitSf  booauM  variabla  a*lf-lnduotano*  tronaduoar*  oan 
ba  MMlar  adaptad  to  an  IM  traaalaaiou  ajrartaa* 

Aaothar  axaepl*  ia  th*  applloation  of  th*  DC  ^ohroaoua  agrataa  for  diraot  raadlag  iiwinaatita. 


9.0  CALISBATiai  (g  POBITKBI  MaMtwran  aQpiHT 

0*o*r*l  oonsidaratlona  ooaoamlac  th*  oallbratlon  of  fll^t  t*at  aaaaurlne  InstnaMnta  or  aaaaurins 
Qhalna  ar*  flvan  ia  Tolw*  1 (H*f.  (25))  of  th*  AOARD  nicht  Taat  laatnaentatlon  Sariaa.  Froa  thla  it  ap- 
paara  to  ba  prafarabl*  to  firat  eallbrata  aioh  ooapoaatit  of  a aaaaurli^  ohannal  aaparately  and  than  to 
ooabia*  th*  diffaraat  ooaponant  ealibratlona  into  aa  ovaralX  (and>to>*nd)  oallbratlon  of  th*  measuring 
ohannal.  To  b*  sure  that  all  possible  affaota  have  bean  takaa  into  aooount  In  auoh  oasaat  the  overall  ca- 
libration is  finally  ohaokad  at  a few  points  or  a ooaplete  overall  calibration  la  ezeouted. 

For  position  noaauriiv  ohannela  it  aosatlaas  ia  not  ao  easy  to  obtain  an  overall  calibration  by  oon- 
binlng  coaponant  oalibratlons.  It  say.  for  azamplei  be  difficult  to  aepaiately  calibrate  the  mechanical 
linkage  between  an  aircraft  control  surface  and  the  position  transducer  with  sufficient  accuracy*  The  com- 
bination of  the  oontrol  surface  to  be  neasuredi  the  meohanloal  linkage,  and  the  transducer  can  then  be  re- 
garded as  one  eoavonant.  Rt*  overall  oalibration  oan  then  be  obtained  by  ocnbining  this  oallbratlon  with 
th*  ooaponant  oalibratloaa  of  th*  signal  conditioner,  the  recording  channel,  etc.  If  the  mechanical  link- 
age introduces  a non-llnearlty,  it  may  be  naoeasaiy  to  take  a relatively  large  number  of  calibration 
points,  ■apaclally  in  that  case  it  may  be  better  to  execute  an  overall  oallbratlon  of  the  total  channel 
than  to  oombine  th*  ooaiponant  calibrations.  Iv*n  when  an  overall  oalibration  of  the  total  channel  is  pi*a- 
ferrad,  howavar,  it  ia  helpful  to  have  component  oalibration*  available  for  locating  error  sources  if  the 
total  channel  accuracy  datarioratas  after  some  time.  Co^>on*nt  oalibratlons  oan  also  be  useful  to  check 
the  acouraay,  linearity,  and  play  of  meohanioal  linkages.  This  oan  be  done  by  cooq>aring  the  overall  cali- 
bration of  th*  combination  of  transducer  and  meohanioal  linkage  with  the  calibration  of  the  transducer 
alon*.  For  this  purpose  both  oalibration*  must  piaferably  be  executed  in  the  laboratory. 

In  the  following,  oonsidaration  will  b*  given  tor 

- oalibration  of  position  transducers  with  and  without  coupled  meohanioal  linkages 

- oalibration  of  signal  conditioning  aquipmant  for  position  n*as>rring  ohannels 

- overall  oalibration  of  a ocmplete  position  measuring  channel. 

The  oalibration  of  position  transduoers.  which  will  generally  be  executed  in  the  laboratory,  is  done 
by  positioning  the  transducer  shaft  in  a number  of  accurately  known  positions  and  measuring  the  electrical 
output  at  each  position.  The  shaft  position  can  be  measured  by  meana  of  an  angular  setting  table,  a linear 
displacement  gauge  of  the  dial-aisl-pointer  type,  a bubble  inclinometer,  a precision  ruler,  or  a almllar 
device  that  will  mostly  already  be  available  for  other  puipoees,  for  instance  as  a tool  in  the  fine  mecha.- 
nioal  workshop.  The  electrical  output  measurement  can  be  performed  by  standard  laboratory  instruments  such 
as  resistance  ratioaeters,  precision  voltmeters,  precision  synchro  indicators,  etc.  Vedues  for  power  sup- 
ply, frequency,  load  impedance,  etc.  during  the  laboratory  calibration  must  preferably  be  chosen  in  ao- 
oordance  with  the  values  to  be  expected  during  the  flight  tests.  Monitoring  and  recording  of  the  excitm- 
tlon  voltage  during  the  calibration  of  position  transducers  is,  in  general,  very  useful. 

In  most  cases  ths  calibrations  can  be  done  under  normal  laboratory  conditions.  When  extreme  environ- 
mental oonditlona  are  expected,  the  calibrations  will  have  to  be  done  under  simulated  ciroumstances,  for 
instance,  in  a higlr>twperature  chamber. 

Calibrations  of  the  combination  of  the  transducer,  the  mechanical  linkage,  and  the  control  surface 
oan  be  executed  in  a similar  way.  Such  measurements  must  often  be  made  on  the  aircraft  itself.  This  should 
then  be  placed  in  a hangar  so  that  the  calibration  is  least  influenced  by  other  factors. 

The  oalibration  of  sianal  conditioning  equipment  for  position  measurement  is  generally  performed  in 
the  laboratory,  but  can  in  principle  also  be  done  after  installation  in  the  aircraft.  The  calibration  is 
usually  done  by  supplying  a number  of  known  input  values  (resistance  ratio,  voltage,  synchro  signal,  etc.) 
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and  naanurli^  iha  output  for  aaoh  a«ttinc«  To  faollttato  thla  work,  oftan  trannduoar  ainulatora  ara  usad« 
Ihaaa  oan  vux7  fron  ainpla  hoMaada  davloao  to  aophlstloattad  apaolal-puipoaa  alnulatlnc  aqptlpaont.  VOr  tho 
oallkiutlon  of  npnohro-alfnal  oonlltlonlng  atpilpaant  or  ^^raohro-lnput  ohannala  of  raoordani,  ooaputars, 
ato.,  apaola'  arnohro  ainulatora  ara  avallabla,  oontaioli^  hi|^»>aooura<qr  praoialon  ^mohroa  or  aulti-tap 
traaafoxnar  oirouita  to  aaat  vaiy  hl(h  aoouracqr  roqulranonta,  Monitorins  and  raoordlnc  of  tho  azoltatloa 
voltaca  durli^  tha  oallbratlon  of  alcnal  oondltionlac  aqxtipnarrt  la,  in  canaral,  vax7  uaaful* 

lha  ovarall  calibration  of  a oonolata  poaltlon  naaaurMiant  ohannal  la  azaoutad  after  tha  Inatallatlon 
of  all  oonponanta  in  tha  airoraft.  It  la  parfomad  tgr  poaltlonli^  tha  alroraft  oaa^onant  In  a mahar  of 
known  poaltlona  and  raooxdinc  or  noting  tha  output  at  tha  and  of  tha  naaaurlng  ohannal.  Omarallj,  tha 
oholoa  of  tha  poaltlona  at  whloh  oallbratlon  polnta  nuat  ba  taken  la  aalf-avidant , aapaolally  whan  tUara 
ara  apaolal  polnta  auoh  aa  and  atopa,  oantra  poaltlona,  ato.  In  the  novaaant  range.  Tha  nunbar  ri  cell- 
bratlon  polnta  dapanda  anongat  other  thinga  on  tha  daalrad  aoouracgr  and  on  tha  linearity  of  tha  naaaurliv 
ohaln.  The  required  niabar  of  oallbratlon  polnta  in  a not^llnaar  ohannal,  generally,  la  auoh  larger  than 
In  a linear  ohannal. 

Davioaa  that  oan  aarva  aa  oallbratlon  atandarda  are,  for  Inatanoa,  inollnonetara  (aapaoially  bubbla- 
Inollnonatara),  praoialon  rulera,  dlaplaoanant  gaugaa  of  tha  "dlal-andr-pointar*  type,  ato.  Oftan  a oartaln 
aaaaura  of  ingenuity  and  laprovlaatlon  talent  will  ba  naoaaaaxy  to  find  tha  bant  aolution  for  problana  in 
thla  field. 

For  oallbratlona  that  oannot  bo  raallaad  with  alapla  auxiliary  davlcaa  and  (or)  that  have  to  ba  par- 
foraad  frequently.  It  la  oftan  Juatlflad  to  develop  apaolal  calibration  toola.  Obvloualy  no  general  dlroo- 
tivea  oan  be  given  for  the  aanufacturlng  of  auoh  devioea.  They  generally  ara  hoaanade  davlcaa  facially 
adapted  to  a certain  naaaurlng  aituatlon.  An  exanpla  of  auch  a apacial  calibration  tool  ia  an  angular 
naaaurlng  aaohanian  uaad  for  the  oallbratlon  of  rudder  oontrol  aurfaeao  (aee  Fig.  9.(^1).  It  oonaiata  of 
two  paira  of  parallel  amn|  one  pair  la  (by  noana  of  ball  baaringa)  coupled  at  one  end  to  a footplate  and 
at  tha  other  end  with  a graduated  dial  plate}  the  other  pair  la  coupled  at  one  and  to  a footplate  and  at 
the  other  end  to  an  adjuatable,  tranaparent,  reference  plate.  Coupling  and  dinenaiona  are  auch  that  two 
parallalograna  are  fomed  by  which  any  angular  rotation  of  the  footplatea  with  reapect  to  each  other  la 
dlraotly  trananittad  to  the  dial  and  reference  platea.  The  indication  ia  only  dependant  on  tha  angle  b»> 
tween  the  footplatea  and  not  on  the  diatance  between  then.  The  footplatea  are  provided  with  rubber  auction 
oupa  by  whloh  one  pair  of  area  can  be  attached  to  a oonvenient  point  on  the  rudder  aurfaoe  and  the  other 
pair  of  ama  to  the  vertical  atablllaer.  With  the  aid  of  thla  tool,  the  poaition  of  the  rudder  with  re- 
apect to  the  atabiliaer  can  be  read  directly  froa 
the  dial.  'Hia  indication  can  be  adjuated  to  aero 
for  the  centre  poaition  of  the  rudder.  The  deter- 
nination  of  the  rudder  centre  poaition  nuat  be 
done  by  other  aeana  that  will  not  be  daacrlbad 
hare.  The  tool  can  in  principle  alao  be  applied 
for  the  calibration  of  elevator  and  aileron 
ai^lea,  but  theae  calibrationa  can  generally  be 
executed  better  by  uaing  bubble-lnclinonetera. 
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Fig.  9.0-1  Special  tool  for  rudder  calibration 
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